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CERTIFICATE OF MAILING 

I hereby certify that this paper (along with any paper referred to as being attached or enclosed) is 
being deposited with the United States Postal Service with sufficient postage as EXPRESS MAIL Label 
No.: EL 895417286 US in an envelope addressed to the: Commissioner of Patents and Trademarks, 
Washington, D.C. 20231. 



Date: November 15, 2001 



NOTE: To avoid abandonment of the application, the applicant shall furnish to the USPTO, not later than 20 months from the 
priority date: (J) a copy of the international application, unless it has been previously communicated by the International Bureau 
or unless it was originally filed in the USPTO; and (2) the basic national fee (see 37 C.F.R. Section 1.492(a)). The 30-month time 
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WARNING: Where the items are those which can be submitted to complete the entry of the international application into 

the national phase are subsequent to 30 months from the priority date the application is still considered to be in the international 
state and if mailing procedures are utilized to obtain a date the express mail procedure of 37 C.F.R. Sectionl.lO must be used 
(since international application papers are not covered by an ordinary certificate of mailing - See 37 C.F.R. Section 1.8. 

NOTE: Documents and fees must be clearly identified as a submission to enter the national state under 35 USC 3 71 otherwise 
the submission will be considered as being made under 35 U.S.C. Section 111.37 C.F.R. Section 1.494(f). 



1 . Applicant herewith submits to the United States Elected Office (EO/US) the following items 
under 35 U.S.C. 371: 

a. [ X ] This express request to immediately begin national examination procedures (35 
U.S.C. Section 371(f)). 

b. [ X ] The U.S. National Fee (35 U.S.C. Section 371(c)(1)) and other fees (37 C.F.R. 
Section 1 .492) as indicated below: 

2. Fees 



CLAIMS 
FEE 


(1) FOR 


(2) NUMBER 
FILED 


(3) NUMBER 
EXTRA 


(4) RATE 


(5) CALCULA- 
TIONS 


[ ]* 


TOTAL CLAIMS 


23 -20 = 


3 


k $18.00 = 


5 54.00 


INDEPENDENT 
CLAIMS 


10-3 = 


7 


x $84.00 = 


$588.00 




MULTIPLE DEPENDENT CLAIM(S) (if applicable) + $280.00 


$0.00 


BASIC FEE** 


[ ] U.S. PTO WAS INTERNATIONAL PRELIMINARY EXAMINATION 
AUTHORITY 

Where an International preliminary examination fee as set forth in Section 
1 .482 has been paid on the international application to the U.S. PTO: 

[ ] and the international preliminary examination report states that the 
criteria of novelty, inventive step (non-obviousness) and industrial activity, as defined 
in PCT Article 33(2) to (4) have been satisfied for all the claims presented in the 
application entering the national stage (37 C.F.R. Section 1.492(a)(4)) 
$100.00 






[ ] and the above requirements are not met (37 C.F.R. Section 
1 49?/s»V1Y> $710.00 


















[ X ] U.S. PTO WAS NOT INTERNATIONAL PRELIMINARY 

EXAMINATION AUTHORITY 

Where no international preliminary examination fee as set forth 
in Section 1.482 has been paid to the U.S. PTO, and payment of an 
international search fee as set forth in Section 1 .445(a)(2) to the U.S. 
PTO: 

[ ] has been paid (37 C.F.R. 1 .492(a)(2)) $740.00 

[ ] has not been paid (37 C.F.R. 1 .492(a)(3)) $1 ,040.00 

[ ] where a search report on the international application has been 

[ X ] prepared by the European Patent Office or the Japanese Patent Office (37 C.F.R. 

Section 1.492(a)(5)) $890.00 






Total of above Calculations 


= $1,532.00 


SMALL 
ENTITY 


Reduction by 1/2 for filing by small entity, if applicable. Affidavit must be filed, (note 
37 C.F.R. Sections 1.9, 1.27, 1.28) 






Subtotal 


$ 




Total National Fee 


$ 1,532.00 




Fee for recording the enclosed assignment document $40.00 (37 C.F.R. 1 .21 (h)). (See 
Item 13 below). See attached "ASSIGNMENT COVER SHEET". 


$ 


TOTAL 


Total Fees 


enclosed 






$ 1,532.00 
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* See attached Preliminary Amendment Reducing the Number of Claims. 

i. [ X ] A check in the amount of $1,532.00 to cover the above fees is enclosed. 

ii. [] Please charge Account No. in the amount of $ 
A duplicate copy of this sheet is enclosed. 

** WARNING: "To avoid abandonment of the application the applicant shall furnish to the United States Patent and 
Trademark Office not later than the expiration of 30 months from the priority date: * * * (2) the basic national fee (see Section 
1.492(a)). The 30-month time limit may not be extended. "37 C.F.R. Section 1.495(b). 

WARNING: If the translation of the international application and/or the oath or declaration have not been submitted by 

the applicant within thirty (30) months from the priority date, such requirements may be met within a time period set by the 
Office. 37 C.F.R. Section 1.495(b)(2). The payment of the surcharge set forth in Section 1.492(e) is required as a condition for 
accepting the oath or declaration later than thirty (30) months after the priority date. The payment of the processing fee set forth 
in Section 1.492(f) is required for acceptance of an English translation later than thirty (30) months after the priority date. 
Failure to comply with these requirements will result in abandonment of the application. The provisions of Section 1.136 apply to 
the period which is set. Notice of Jan. 3, 1993, 1147 O.G. 29 to 40. 

3. [ X ] A copy of the International application as filed (35 U.S.C. Section 371(c)(2)): 

NOTE: Section 1.495 (b) was amended to require that the basic national fee and a copy of the international application must 
be filed with the Office by 30 months from the priority date to avoid abandonment "The International Bureau normally provides 
the copy of the international application to the Office in accordance with PCT Article 20. At the same time, the International 
Bureau notifies applicant of the communication to the Office. In accordance with PCT Rule 47.1, that notice shall be accepted by 
all designated offices as conclusive evidence that the communication has duly taken place. Thus, if the applicant desires to enter 
the national stage, the applicant normally need only check to be sure the notice from the International Bureau has been received 
and then pay the basic national fee by 30 months from the priority date." Notice of Jan. 7, 1993, 1147 O.G. 29to40, at 35-36. 
See item 14c below. 

is transmitted herewith. 

is not required, as the application was filed with the United States Receiving 

has been transmitted 
[ ] by the International Bureau. 

Date of mailing of the application (from form PCT/IB/308): 
by applicant on 

Date 

[ X ] A translation of the International application into the English language (35 U.S.C. 
Section 371(c)(2)): 

a. [ X ] is transmitted herewith. 

b. [ ] is not required as the application was filed in English. 

c. [ ] was previously transmitted by applicant on Date 

d. [ ] will follow. 



a. 


[X] 


b. 


[ ] 


Office. 




c. 


[ 1 


ii. 


[ ] 



5. [ ] Amendments to the claims of the International application under PCT Article 19 (35 
U.S.C. Section 371(c)(3)): 

NOTE: The Notice of January 7, 1993 points out that 37 C.F.R. Section 1.495(a) was amended to clarify the existing and 
continuing practice that PCT Article 19 amendments must be submitted by 30 months from the priority date and this deadline 
may not be extended. The Notice further advises that: "The failure to do so will not result in loss of the subject matter of the PCT 
Article 19 amendments. Applicant may submit that subject matter in a preliminary amendment filed under Section 1.121. In many 
cases, filing an amendment under Section 1. 121 is preferable since grammatical or idiomatic errors may be corrected. " 1147 
O.G.' 29-40, at 36. 
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a. [ ] are transmitted herewith. 

b. [ ] have been transmitted 

i. [ ] by the International Bureau. 

Date of mailing of the amendment (from form PCT/IB/308): 

ii. [ ] by applicant on 

c. [ ] have not been transmitted as 

i. [] applicant chose not to make amendments under PCT Article 19. 
Date of mailing of Search Report (from form PCT/ISA/2 10): 

ii. [ ] the time limit for me submission of amendments has not yet expired. The 
amendments or a statement that amendments have not been made will be transmitted before the expiration 
of the time limit under PCT Rule 46.1 . 

6. [ ] A translation of the amendments to the claims under PCT Article 19 (38 U.S.C. Section 
371(c)(3)): 

a. [ ] is transmitted herewith. 

b. [ ] is not required as the amendments were made in the English language. 

c. [ ] has not been transmitted for reasons indicated at point 5(c) above. 

7. [ X ] A copy of the international examination report (PC T/IPEA/409) 

[ X ] is transmitted herewith. 

[ ] is not required as the application was filed with the United States Receiving 

Office. 

8. [ ] Annex(es) to the international preliminary examination report 

a. [ ] is/are transmitted herewith. 

b. [ ] is/are not required as the application was filed with the United States Receiving 
Office. 

9. [ X ] A translation of the annexes to the international preliminary examination report 

a. [ X ] is transmitted herewith. 

b. [ ] is not required as the annexes are in the English language. 

10. [ ] An oath or declaration of the inventor (35 U.S.C. Section 371(c)(4)) complying with 35 
U.S.C. 115 

a. [ ] was previously submitted by applicant on 

Date 

b. [ ] is submitted herewith, and such oath or declaration 

i. [ ] is attached to the application. 

ii. [ ] identifies the application and any amendments under PCT Article 19 that 
were transmitted as stated in points 3(b) or 3(c) and 5(b); and states that they were reviewed by 
the inventor as required by 37 C.F.R. Section 1 .70. 

c. [ ] will follow. 

Other document(s) or information included: 

11. [ ] An International Search Report (PCT/ISA/2 10) or Declaration under PCT Article 
17(2)(a): 

a. [ ] is transmitted herewith. 

b. [ ] has been transmitted by the International Bureau. 

Date of mailing (from form PCT/IB/308): 
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c . [ ] is not required, as the application was searched by the United States International 
Searching Authority. 

d. [ ] will be transmitted promptly upon request. 

e. [ ] has been submitted by applicant on Date 

12. [ ] An Information Disclosure Statement under 37 C.F.R. Sections 1.97 and 1.98: 

a. [ ] is transmitted herewith. 

Also transmitted herewith is/are: 
[ ] Form PTO-1449 (PTO/SB/08A and 08B). 
[ ] Copies of citations listed. ( 7 ) 

b. [ ] will be transmitted within THREE MONTHS of the date of submission of 
requirements under 35 U.S.C. Sections 371(c). 

c. [] was previously submitted by applicant on Date 

13. [ ] An assignment document is transmitted herewith for recording. 

A separate [ ] "COVER SHEET FOR ASSIGNMENT (DOCUMENT) ACCOMPANYING 
NEW PATENT APPLICATION" or[ ] FORM PTO 1595 is also attached. 



[ X ] Additional documents: 

a. [ ] Copy of request (PCT/RO/1 01) 

b. [ ] International Publication No. 

i. [ ] Specification, claims and drawing 

ii. [ ] Front page only 

c. [ X ] Preliminary amendment (37 C.F.R. Section 1.121) 

d. [X] Other 

1. [ ] Published PCT, Application No. 

2. [ ] PCT Request in Japanese 

3. [ ] Form PCT/RO/105 - Notification of The International Application Number and 

of The International Filing Date 

4. [X] Form PCT/IB/30 1 - Notification of Receipt of Record Copy 

5 . [ ] Form PCT/IPEA/402 - Notification of Receipt of Demand 

6. [X] Form PCT/IB/304 - Notification Concerning Submission or Transmittal of 

Priority Document 

7 . [X] Form PCT/IB/3 08 - Notice Informing The Applicant of The Communication of 

The International Application To the Designated Offices 

8. [X] Form PCT/IB/332 - Information Concerning Elected Offices Notified of Their 

Election 
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9. [X] Form PCT/IB/33 8 -Notification of Transmittal of Copies of Translation of The 
International Preliminary Examination Report 

10 [X] Letter to Official Draftsperson. 



15. [ X ] The above checked items are being transmitted 

a. [ X ] before 30 months from any claimed priority date. 

b. [ ] after 30 months. 



16. [ ] Certain requirements under 35 U.S.C. 371 were previously submitted by the applicant on 
, namely: 



AUTHORIZATION TO CHARGE ADDITIONAL FEES 

WARNING: Accurately count claims, especially multiple dependent claims, to avoid unexpected high charges if extra 

claims are authorized. 

NOTE: "A written request may be submitted in an application that is an authorization to treat any concurrent or future reply, 
requiring a petition for an extension of time under this paragraph for its timely submission, as incorporating a petition for 
extension of time for the appropriate length of time. An authorization to charge all required fees, fees under Section 1. 1 7, or all 
required extension of time fees will be treated as a constructive petition for an extension of time in any concurrent or future reply 
requiring a petition for an extension of time under this paragraph for its timely submission. Submission of the fee set forth in 
Section 1. 1 7(a) will also be treated as a constructive petition for an extension of time in any concurrent reply requiring a petition 
for an extension of time under this paragraph for its timely submission. "37 C.F.R. Section 1 . 136(a)(3). 

NOTE: "Amounts of twenty-five dollars or less will not be returned unless specifically requested within a reasonable time, nor 
will the payer be notified of such amounts; amounts over twenty-five dollars may be returned by check or, if requested, by credit 
to a deposit account. "37 C.F.R. Section 1.26(a). 

[ X ] The Commissioner is hereby authorized to charge the following additional fees that may 
be required by this paper and during the entire pendency of this application to Account No. 04-1105. 

[X] 37 C.F.R. Section 1 .492(a)(1), (2), (3), and (4) (filing fees) 

WARNING: Because failure to pay the national fee within 30 months without extension (37 C.F.R. Section 1.495(b)(2)) 

results in abandonment of the application, it would be best to always check the above box. 

[X] 37 C.F.R. Section 1 .492(b), (c) and (d) (presentation of extra claims) 

NOTE: Because additional fees for excess or multiple dependent claims not paid on filing or on later presentation must only be 
paid or these claims cancelled by amendment prior to the expiration of the time period set for response by the PTO in any notice 
of fee deficiency (37 C.F.R. Section 1.492(d)), it might be best not to authorize the PTO to charge additional claim fees, except 
possible when dealing with amendments after final action. 

[X] 3 7 C.F.R. Section 1.17 (application processing fees) 

[X] 37 C.F.R. Section 1 . 17(a)(l)-(5)(extension fees pursuant to Section 1 . 1 36(a). 
[ ] 37 C.F.R. Section 1.18 (issue fee at or before mailing of Notice of Allowance, 
pursuant to 37 C.F.R. Section 1.311(b)) 

NOTE: Where an authorization to charge the issue fee to a deposit account has been filed before the mailing of a Notice of 
Allowance, the issue fee will be automatically charged to the deposit account at the time of mailing the notice of allowance. 37 
C.F.R. Section 1.311(b). 
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NOTE: 37 C.F.R. 1.28(b) requires "Notification of any change in loss of entitlement to small entity status must be filed in the 
application . . . prior to paying, or at the time of paying . . . issue fee. " From the wording of 37 C.F.R. Section 1.28(b): (a) 
notification of change of status must be made even if the fee is paid as "other than a small entity" and (b) no notification is 
required if the change is to another small entity. 



[ ] 37 C.F.R. Section 1 .492(e) and (f) (surcharge fees for filing the declaration 
and/or filing an English translation of an International Application later than 30 months after the priority 
date). 




Dike, Bronstein, Roberts & Cushman 
Intellectual Property Practice Group of 
EDWARDS & ANGELL, LLP 
P.O. Box 9169 
Boston, MA 02209 
Tel: 617-439-4444 
Customer No. 21,874 

182771 
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Practitioner's Docket No. 70551/56711 
PATENT 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



K. Imamura, et al. 

09/980,752 Group No. Not Yet Assigned 

November 15,2001 Examiner: Not Yet Assigned 

SIGNAL RECEIVER AND FREQUENCY OFFSET COMPENSATION 
METHOD 



Box Missing Parts 

Assistant Commissioner for Patents 

Washington, D.C. 20231 



COMPLETION OF FILING REQUIREMENTS 
— NONPROVISIONAL APPLICATION 

I. This replies to the Notice to File Missing Parts of Application (PTO-1 533) mailed on March 5, 2002. 

A copy of the Notice to File Missing Parts of Application— Filing Date Granted 
(Form PCT/DO/EO/905) is enclosed. 

DECLARATION OR OATH 

II. No declaration or oath was filed. Enclosed is the original declaration or oath for this application. 




In re application of: 
Application No.: 
Filed: 
For: 



CERTIFICATE OF MAILING/TRANSMISSION (37 C.F.R. 1.8a) 

I hereby certify that this correspondence is, on the date shown below, being: 

MAILING FACSIMILE 

[ x ] deposited with the United States Postal Service [ ] transmitted by facsimile to the Patent and 

with sufficient postage as first class mail in an Trademark Office, 

envelope addressed to the Assistant 
Commissioner for Patents, Washington, D.C. 
20231. 



Date: March 25, 2002 



Signature 

' * Kathryn A. Grindrod 



COMPLETION FEES 



III. 

1 . Surcharge Fee 



Late payment of filing fee 
and/or late filing of original 
declaration or oath 

(37 C.F.R. 1.16(e)) $130.00. 

Total completion fees $ 1 3 0.00. 



EXTENSION OF TIME 

IV. Applicant believes that no extension of term is required. However, this conditional petition is being 
made to provide for the possibility that applicant has inadvertently overlooked the need for a petition and 
fee for extension of time. 



V. The total fee due is: 

Completion fees $130.00 
Extension fee None 



TOTAL FEE DUE 



Total Fee Due $130.00 



PAYMENT OF FEES 

VI. Enclosed is a check in the amount of $ 130.00. 
A duplicate of this request is attached. 
Please charge Account No. 04-1 105 for any fees that may be due by this paper. 




AUTHORIZATION TO CHARGE ADDITIONAL FEES 

VII. The Commissioner is hereby authorized to charge the following additional fees that may be 
required by this paper and during the pendency of this application to Account No. 04-1 1 05. 

[ X ] 37 C.F.R. 1 .16(a), (f) or (g) (filing fees) 

[ X ] 37 C.F.R. 1.16(e) (surcharge for filing the basic filing fee and/or declaration on a date later 
than the filing date of the application) 



Customer No.: 21874 




SIGNATURE OF PRACTITIONER 
Timothy Carter Pledger 
Reg. No. 29,424 



Dike, Bronstein, Roberts & Cushman 
Intellectual Property Practice Group 
EDWARDS & ANGELL, LLP 
P. O. Box 9169 
Boston, MA 02209 
Tel. No.: (617) 517-5505 

296607 
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Attorney Docket No. 70551/56711 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



APPLICANT: K. Imamura, et al. GROUP: Unknown 

INT'L. APPLICATION NO. PCT/JPOO/03 1 1 7 EXAMINER: Unknown 

INT'L. FILING DATE May 1 5, 2000 

FOR: SIGNAL RECEIVER AND FREQUENCY OFFSET 

COMPENSATION METHOD 



CERTIFICATE OF EXPRESS MAILING 



I hereby certify that this paper (along with any paper referred to as being attached or 
enclosed) is being deposited with the United States Postal Service in an envelope as "Express Mail 
Post Office To Addressee", mailing Label Number EL 895417286 US addressed to the Assistant 
Commissioner for Patents, Washington, D.C. 20231 on November 15, 2001. 



By: /f tC-tJU+f^ J2 < ^Jfj^JjU^J 



Hon. Commissioner of Patents 
Washington, DC 20231 



PRELIMINARY AMENDMENT 

Kindly amend the above-identified application as follows: 

IN THE SPECIFICATION : 

Please insert the following paragraph before line 1 on page 1 : 
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K. Imamura, et al. 

International No.: PCT/JP00/03117 

Page 2 of 2 

- This application is the national phase under 35 U.S.C. § 371 of PCT 
International Application No. PCT/JPOO/031 17, which has an International filing date of May 15, 
2000, which designated the United States of America and was not published in English. -- 



Applicants propose to amend the above-identified patent application prior to examination 
to insert information regarding its parentage. 

Applicants also enclose a Letter to the Official Draftsman, which indicates in red a 
typographical error detected on Figure 45. Applicants will submit a formal drawing with the 
correction made thereon upon the Examiner's approval of the proposed change. 

Consideration of this Preliminary Amendment is requested prior to examination of the 
above-captioned application. 

Early consideration and allowance of the above-captioned application are respectfully 



Dike, Bronstein, Roberts & Cushman 

Intellectual Property Practice Group 

Edwards & Angell, LLP 

P.O. Box 9169 

Boston, MA 02209 

(617) 439-4444 

Customer No. 21,874 



REMARKS 



requested. 



Respectfully submitted, 



Date November 1 5, 200 1 
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SPECIFICATION 



Signal Receiver and Frequency Offset Compensation Method 



5 Technical Field 

The present invention relates to a signal receiver and a frequency 
offset compensation method. Particularly, the present invention relates to 
a signal receiver receiving signals transmitted through the multicarrier 
transmission method such as the orthogonal frequency division 
10 multiplexing (OFDM) method, and a method of compensating for a 
frequency offset of subcarriers used in such signal transmission. 

Background Art 



15 transmission of mass data such as in terrestrial digital television 

broadcasting and high speed radio LAN (Local Area Network), the OFDM 
method which is one type of the multicarrier transmission method is 
recently attracting attention. According to this OFDM method, data is 
transferred by arranging a train of symbols of the input data in parallel, 

20 and then assigning the data formed of symbols in parallel to a plurality of 
subcarriers which are orthogonal to each other. 

More specifically, the signal transmitted by the OFDM method 
(referred to as OFDM signal hereinafter) is generated by assigning code 
data serial-parallel converted to a plurality of subcarriers having 

25 frequencies in orthogonal relationship with each other using a modulator, 
applying an inverse Fourier transform (convert frequency region into time 
region) on respective code data for conversion into digital modulation waves 
and then applying parallel-serial conversion on the obtained digital 
modulated waves. At the demodulator side, the original code data can be 

30 reproduced by applying a process opposite to the aforementioned process at 
the modulator side. 

Fig. 43A represents the spectrum of a transmission signal and a 
reception signal in the modulation method of a single carrier wave (single 



As an example of a transmission scheme employed in the 



- 1 - 



carrier modulation). In contrast, Fig. 43B represents the spectrum of a 
transmission signal and a reception signal of the OFDM method. 

As shown in Fig. 43A, the transmission signal through the single 
carrier modulation method is affected by the frequency selective fading 
caused by variation in the frequency characteristics of the transmission 
path, whereby the quality of the reception signal is significantly degraded. 
In contrast, the transmission signal by the OFDM method shown in Fig. 
43B is impervious to the influence of frequency selective fading since the 
band width of each subcarrier is small with respect to variation in the 
frequency characteristics of the transmission path. Therefore, degradation 
in the quality of the reception signal can be reduced. Since data is 
transmitted using a plurality of subcarriers in the OFDM method, there is 
the advantage that the usage efficiency of frequency is good. 

However, in the OFDM method, synchronization between the 
transmission frequency and the reception frequency will be lost when the 
Doppler phenomenon occurs in which the frequency band of the 
transmission signal is shifted or the tuner of the receiver is unstable, 
resulting in frequency deviation Af (referred to as frequency offset 
hereinafter) from the original subcarrier frequency, as shown in Fig. 44. 
This frequency offset will alter the phase of the reception signal to degrade 
the decoding ability of the receiver. 

Occurrence of such frequency offset in reception signals in the OFDM 
method that uses a plurality of subcarriers will disrupt the frequency 
orthogonality between subcarriers. If the received OFDM signal is input 
to the Fourier transformer of the receiver in such a state, the signal 
component of a subcarrier adjacent to that subcarrier will appear as an 
intermodulation component in the output of the Fourier transformer to 
prevent the original code data from being reproduced properly. This 
induces the problem that the quality of reproduced data is degraded. 

It is to be noted that, as the number of subcarriers in the OFDM 
method increases, respective subcarriers will be distributed more densely in 
respective determined bands. Therefore, even a small frequency offset will 
cause severe interference between adjacent subcarriers. Thus, 



compensation for a frequency offset is one of the most important issues to 
be considered in implementing a system. 

Conventionally, various approaches have been proposed as to the 
technique of detecting and compensating for such frequency offset. For 
example, an approach is disclosed in "Synchronization Scheme of OFDM 
Systems for High Speed Wireless LAN", TECHNICAL REPORT OF IEICE, 
DSP97-165, SAT97-122, RCS97-210 (1998-01) by Takeshi Onizawa et al. 

As an example of a conventional transmission and reception system 
of an OFDM signal, a system that employs a DQPSK (Differential 
Quadrature Phase Shift Keying) system as a modulation scheme and that 
carries out delay detection at the receiver side will be described hereinafter 
with reference to Figs. 45-51. 

First, a structure of a conventional OFDM signal transmitter will be 
described with reference to Fig. 45. In Fig. 45, the signal line represented 
by a bold line indicates a complex signal (a signal formed of an in-phase 
detection axis signal and an orthogonal detection axis signal) whereas the 
signal line represented by a thin line indicates a real number signal. 

As shown in Fig. 45, the former half of the conventional OFDM 
transmitter includes a serial-parallel converter 1 applying serial -parallel 
conversion on input information signals, a code modulator 2 applying 
modulation such as DQPSK on information signals in parallel assigned to 
respective subcarriers, an inverse discrete Fourier transformer 3 applying 
an inverse discrete Fourier transform on signals output from code 
modulator 2, a parallel-serial converter 4 converting the signals output 
from inverse discrete Fourier transformer 3 into signals in series, and a 
guard section insert circuit 5 adding a guard section at the beginning of the 
output signal from parallel- serial converter 4 to generate a data symbol. 

The latter half of the conventional OFDM transmitter includes a 
memory 6 storing the preamble and the start symbol of known symbols 
added to the beginning of a packet, a switcher 7 switching the preamble, 
start symbol and data symbol for output according to the switching clock 
supplied from a controller 1000 that will be described afterwards, a digital 
quadrature modulator 8 providing the real component and imaginary 



component of the output from switcher 7 as one signal component, a D/A 
converter 9 converting the output of digital quadrature modulator 8 into 
analog data, and a frequency converter 10 converting the frequency of the 
analog data from D/A converter 9 to transmit an OFDM signal. The 
OFDM transmitter further includes a controller 1000 formed of a CPU and 
the like to control the overall operation of the OFDM transmitter. 

The signal format of the OFDM signal generated by the above- 
described OFDM transmitter is formed of known symbols including the 
preamble and (two) start symbols attached at the beginning of a packet, 
and a data symbol having inverse discrete Fourier transformed data added 
with a guard section. 

More specifically, the data symbol is generated by copying the signal 
of a section length Tgi at the latter half of the output (valid symbol section) 
of inverse discrete Fourier transformer 3 and applying the same ahead (the 
guard section) of the valid symbol section. This application of a guard 
section allows robustness to a delayed wave that arrives lagging for a 
period of time within the guard section length Tgi. 

The preamble forming the known symbol is a signal used in the gain 
adjustment of automatic gain control (AGC), symbol synchronization, and 
the like. The start symbol forming the known symbol serves to determine 
the initial phase in carrying out modulation by differential coding, and is a 
signal including all the subcarriers. The length of each start symbol is 
equal to the valid symbol section length Tw excluding the guard section 
from the data symbol. 

In the case where N subcarriers with the frequency interval of df are 
used, the signal amplitude must be sampled N times during the start 
symbol length Tw (= 1/df). 

The structure of a conventional OFDM signal receiver will be 
described here with reference to Fig. 47. In Fig. 47, the signal line 
represented by a bold line indicates a complex signal whereas the signal 
line represented by a thin line indicates a real number signal. 

Referring to Fig. 47, the former half of the conventional OFDM 
receiver includes a frequency converter 1 1 converting the frequency of a 



reception signal to a predetermined band, an A/D converter 12 converting 
the output of frequency converter 11 into digital data, a digital orthogonal 
detector 13 separating the output of A/D converter 12 into a real component 
and an imaginary component, a frequency offset compensator 14 
compensating for a frequency offset and estimating a symbol timing 
(position), and a symbol clock generator 15 generating a symbol clock based 
on a symbol position estimate value from frequency offset compensator 14. 

The latter half of the conventional OFDM receiver includes a guard 
section removal circuit 16 removing the guard section from the output of 
frequency offset compensator 14 according to a guard section removal clock 
supplied from a controller 2000 that will be described afterwards based on 
the symbol clock generated from symbol clock generator 15, a serial-parallel 
converter 17 applying serial-parallel conversion on the output from guard 
section removal circuit 16, a discrete Fourier transformer (FFT) 18 applying 
discrete Fourier transform on the output from serial-parallel converter 17, 
a code determination circuit 19 demodulating the output of discrete Fourier 
transformer 18, and a parallel-serial converter 20 applying parallel-serial 
conversion on the output of code determination circuit 19. The OFDM 
receiver further includes a controller 2000 formed of a CPU and the like 
that controls the overall operation of the OFDM receiver. 

Referring to Fig. 48, digital orthogonal detector 13 of Fig. 47 includes 
a local oscillator 21 oscillating at a constant frequency, a %I2 phase shifter 
22 shifting by 7t/2 the phase of the output signal from local oscillator 21, 
multipliers 23 and 24 multiplying the output of A/D converter 12 of Fig. 47 
by respective outputs of local oscillator 21 and ti/2 phase shifter 22, and 
filters 25 and 26 extracting desired complex signals from respective outputs 
of multipliers 23 and 24. 

Referring to Fig. 49, frequency offset compensator 14 of Fig. 47 
includes a delay unit 31 delaying the output signal from digital orthogonal 
detector 13 (Fig. 47) by a valid symbol section length Tw, a cross correlator 
32 computing a cross correlation value between the output of delay unit 3 1 
and the reception signal from digital orthogonal detector 13, and an 
autocorrelator 33 computing the autocorrelation value of the reception 



signal from digital orthogonal detector 13. 

Frequency offset compensator 14 includes a peak detector 34 
detecting the peak position of the cross correlation value independent of the 
reception signal level by dividing the output of cross correlator 32 by the 
output of autocorrelator 33, and a symbol synchronization position 
estimator 35 providing an estimate value of the symbol position from the 
output (cross correlation value peak position) of peak detector 34. 

Frequency offset compensator 14 further includes a rotation angle 
estimator 36 estimating the rotation angle of the cross correlation value 
from the output of cross correlator 32 and the output of peak detector 34 
(cross correlation value peak position) to output an estimate value of the 
frequency offset, and a phase rotation circuit 37 providing a signal 
compensated for a frequency offset by rotating the phase of the reception 
signal from digital orthogonal detector 13 based on the estimate value of 
the frequency offset from rotation angle estimator 36. 

Referring to Fig. 50, correlators 32 and 33 of Fig. 49 include a delay 
line 41, a tap 42, and an adder 43 to calculate the correlation value by 
integrating the first input signal using the tap number obtained from the 
second input signal. 

More specifically, cross correlator 32 receives a reception signal from 
digital orthogonal detector 13 (Fig. 47) as the first input signal and a 
delayed version of the reception signal from digital orthogonal detector 13, 
delayed by Tw at delay unit 3 1, as the second input signal. A cross 
correlation value can be obtained by integrating the first input signal over 
the number of taps M obtained from the second input signal. 

Autocorrelator 33 receives in common the reception signal from 
digital orthogonal detector 13 (Fig. 47) as the first and second input signals. 
By integrating this reception signal over a number of taps M obtained from 
the reception signal, an autocorrelation value is obtained. Here, the 
number of taps M is equal to the number of points (the maximum number 
of subcarriers determined depending upon the structure of FFT 18) of 
discrete Fourier transformer (FFT) 18 (Fig. 47). 

The operation of frequency offset compensator 14 will be described 



hereinafter with reference to Fig. 49. 

Peak detector 34 of Fig. 49 provides the peak position of a cross 
correlation value by dividing the output of cross correlator 32 by the output 
of autocorrelator 33. Based on the detected result of peak detector 34, 
symbol synchronization position estimator 35 generates a symbol 
synchronization position estimate value. 

Since each correlation value is calculated with a complex number, 
the rotation angle A6 with respect to the real axis of the cross correlation 
value can be estimated from the peak position of the cross correlation value 
at rotation angle estimator 36, as shown in Fig. 51. Based on this rotation 
angle A0, rotation angle estimator 36 can estimate frequency offset value Af 
using the following equation. 

Af=A8/(27tTw) 

Based on frequency offset value Af estimated by rotation angle 
estimator 36, phase rotation circuit 37 can compensate for a frequency 
offset by rotating the phase of the reception signal from digital orthogonal 
detector 13 (Fig. 47). Since rotation angle AG with respect to the real axis 
of the cross correlation value takes a value from — % to k, the frequency 
offset in the range of -l/(2Tw) to l/(2Tw) can be compensated for. 

Although the frequency offset is compensated for by rotating the 
phase of a reception signal using phase rotation circuit 37 in the above- 
described conventional frequency offset compensator 14, the frequency 
offset of the reception signal can be compensated for without using phase 
rotation circuit 37. More specifically, frequency offset value Af obtained 
from rotation angle A0 by rotation angle estimator 36 is applied to the 
control input not shown of local oscillator 21 in digital orthogonal detector 
13 shown in Fig. 48. By controlling variably the oscillating frequency, the 
frequency offset of the reception signal can be compensated for. 

However, the conventional frequency offset compensator employs the 
delay autocorrelation method using a delayed version of the reception 
signal as a reference signal. There was a problem that only a frequency 
offset in the range of -0.5 to +0.5 can be detected and compensated for as to 
the normalized frequency offset, normalized at the frequency interval of the 



subcarrier. 



Disclosure of the Invention 

An object of the present invention is to provide a signal receiver and 
5 a frequency offset compensation method with an increased compensation 
range of frequency offset. 

According to the present invention, a signal receiver receiving and 
^ demodulating a reception signal formed of a data symbol section where 

0 symbols are assigned in parallel to a plurality of subcarriers and modulated 

jg 10 and a start symbol added ahead of the data symbol section includes: first 
?% memory means, cross correlation value calculation means, peak position 

%l detection means, frequency offset estimation means, and frequency offset 

% t I compensation means. The first memory means stores N (N is an integer of 

s 2 or more) types of reference signals, each corresponding to an arbitrary 

15 portion in the start symbol. The cross correlation value calculation means 
' q calculates a cross correlation value between the reception signal and each 

tJ] of the N types of reference signals. The peak position detection means 

|1 detects a peak position of each of the N cross correlation values calculated 

by the cross correlation value calculation means. The frequency offset 
20 estimation means estimates a frequency offset estimate value of a 

subcarrier of the reception signal for output based on a cross correlation 
value at each of the N peak positions detected by the peak position 
detection means. The frequency offset compensation means compensates 
for a frequency offset of a subcarrier of the reception signal based on the 
25 frequency offset estimate value estimated by the frequency offset 
estimation means. 

According to another aspect of the present invention, a signal 
receiver receiving and demodulating a reception signal formed of a data 
symbol section where symbols are assigned in parallel to a plurality of 
30 subcarriers and modulated and a start symbol added ahead of the data 
symbol section includes: first memory means, cross correlation value 
calculation means, peak position detection means, frequency offset 
estimation means, and frequency offset compensation means. The first 
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memory means stores N (N is an integer of 3 or more) types of reference 
signals, each corresponding to an arbitrary portion in the start symbol. 
The cross correlation value calculation means calculates a cross correlation 
value between the reception signal and each of the N types of reference 
5 signals. The peak position detection means detects a peak position of each 
of the N cross correlation values calculated by the cross correlation value 
calculation means. The frequency offset estimation means estimates and 
averages a plurality of frequency offset estimate values of a subcarrier of 
the reception signal for output, based on a cross correlation value at each of 

10 the N peak positions detected by the peak position detection means. The 
frequency offset compensation means compensates for a frequency offset of 
a subcarrier of the reception signal based on the frequency offset estimate 
value estimated and averaged by the frequency offset estimation means. 
According to a further aspect of the present invention, a signal 

15 receiver receiving and demodulating a reception signal formed of a data 
symbol section where symbols are assigned in parallel to a plurality of 
subcarriers and modulated and a start symbol added ahead of the data 
symbol section includes: first memory means, cross correlation value 
calculation means, peak position detection means, frequency offset 

20 estimation means, phase rotation means, second memory means, control 
means, and frequency offset compensation means. The first memory 
means stores N (N is an integer of 2 or more) types of reference signals, 
each corresponding to an arbitrary portion in the start symbol. The cross 
correlation value calculation means calculates a cross correlation value 

25 between an applied first signal and each of the N types of reference signals. 
The peak position detection means detects a peak position of each of the N 
cross correlation values calculated by the cross correlation value calculation 
means. The frequency offset estimation means estimates a frequency 
offset estimate value of a subcarrier of the first signal applied to the cross 

30 correlation value calculation means for output, based on a cross correlation 
value at each of the N peak positions detected by the peak position 
detection means, and accumulates the frequency offset estimate values. 
The phase rotation means rotates a phase of a subcarrier of an applied 
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second signal based on the frequency offset estimate value estimated by the 
frequency offset estimation means. The second memory means stores the 
second signal whose phase is rotated by the phase rotation means. The 
control means executes once a first control operation of applying the 
reception signal to the cross correlation value calculation means as the first 
signal and to the phase rotation means as the second signal to accumulate 
frequency offset estimate values of a subcarrier of the reception signal, and 
rotating the phase of the subcarrier of the reception signal for storage in 
the second memory means, and repeats (N - 1) times a second control 
operation of applying the signal stored in the second memory means to the 
cross correlation value calculation means as the first signal and to the 
phase rotation means as the second signal to accumulate frequency offset 
estimate values of a subcarrier of the signal stored in the second memory, 
and rotating the phase of the subcarrier of the signal stored in the second 
memory for storage in the second memory means. The frequency offset 
compensation means compensates for a frequency offset of the subcarrier of 
the reception signal based on an added value of N frequency offset estimate 
values accumulated by the first and second control operations. 

According to still another aspect of the present invention, a signal 
receiver receiving and demodulating a reception signal formed of a data 
symbol section where symbols are assigned in parallel to a plurality of 
subcarriers and modulated and a start symbol added ahead of the data 
symbol section includes: first memory means, cross correlation value 
calculation means, peak position detection means, second memory means, 
frequency offset estimation means, adder means, phase rotation means, 
control means, and frequency offset compensation means. The first 
memory means stores N (N is an integer of 2 or more) types of reference 
signals, each corresponding to an arbitrary portion in the start symbol, and 
a plurality of reference data based on a phase rotation angle between cross 
correlation values corresponding to a plurality of sets of reference signals, 
each set formed of two or more types of the reference signals, under a state 
where a particular frequency offset is present. The cross correlation value 
calculation means calculates a cross correlation value between an applied 
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first signal and respective reference signals of each set. The peak position 
detection means detects a peak position of each cross correlation value 
calculated by the cross correlation value calculation means. The second 
memory means extracts and stores a portion of the reception signal. The 
frequency offset estimation means estimates a frequency offset estimate 
value of the first signal applied to the cross correlation value calculation 
means for output, based on a cross correlation value at each peak position 
detected by the peak position detection means and reference data 
corresponding to the reference signals of each set. The adder means 
accumulates the frequency offset estimate values output from the frequency 
offset estimation means. The phase rotation means rotates a phase of the 
reception signal stored in the second memory means, based on the 
frequency offset estimate value estimated by the frequency offset 
estimation means. The control means executes a first control operation of 
applying the reception signal to the cross correlation value calculation 
means as the first signal to calculate a cross correlation value with 
respective reference signals of a set corresponding to the smallest reference 
data of the plurality of reference data, and estimating a frequency offset 
estimate value of the reception signal by the frequency offset estimation 
means based on the calculated cross correlation value and the smallest 
reference data, and repeats a second control operation of applying the 
reception signal whose phase is rotated based on the estimated frequency 
offset estimate value and stored in the second memory means to the cross 
correlation value calculation means as the first signal to calculates a cross 
correlation value with the set of reference signals corresponding to the 
smallest unused reference data from the plurality of reference data, and 
estimating a frequency offset estimate values of the signal stored in the 
second memory by the frequency offset estimation means, based on the 
calculated cross correlation value and the smallest unused reference data. 
The frequency offset compensation means compensates for a frequency 
offset of the subcarrier of the reception signal based on an added value of 
the frequency offset estimates accumulated by the adder means and 
calculated by the first and second control operations. 
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According to a still further aspect of the present invention, a signal 
receiver receiving and demodulating a reception signal formed of a data 
symbol section where symbols are assigned in parallel to a plurality of 
subcarriers and modulated and a start symbol added ahead of the data 
symbol section includes: C/N detection means, memory means, reference 
signal output means, cross correlation value calculation means, peak 
position calculation means, frequency offset estimation means, and 
frequency offset compensation means. The C/N detection means detects a 
C/N of the reception signal. The memory means stores a data table 
identifying an optimum reference signal corresponding to the C/N of the 
reception signal. The reference signal output means outputs N (N is an 
integer of 2 or more) types of optimum reference signals, each 
corresponding to an arbitrary portion of the start symbol, based on the data 
table according to the detected C/N. The cross correlation value 
calculation means calculates a cross correlation value between the 
reception signal and each of the N types of reference signals. The peak 
position detection means detects a peak position of each of the N cross 
correlation values calculated by the cross correlation value calculation 
means. The frequency offset estimation means estimates a frequency 
offset estimate value of a subcarrier of the reception signal for output, 
based on a cross correlation value at each of the N peak positions detected 
by the peak position detection means. The frequency offset compensation 
means compensates for a frequency offset of the subcarrier of the reception 
signal, based on a frequency offset estimate value estimated by the 
frequency offset estimation means. 

According to yet a further aspect of the present invention, a method 
of compensating for a frequency offset of a subcarrier of a reception signal 
in a signal receiver receiving and demodulating the reception signal formed 
of a data symbol section where symbols are assigned in parallel to a 
plurality of subcarriers and modulated and a start symbol applied ahead of 
the data symbol section includes the steps of: calculating a cross correlation 
value between the reception signal and each of N (N is an integer of 2 or 
more) types of reference signals, each corresponding to an arbitrary portion 
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in the start symbol, detecting a peak position of each of the N calculated 
cross correlation values, estimating a frequency offset estimate value of a 
subcarrier of the reception signal for output, based on a cross correlation 
value at each of the N detected peak positions, and compensating for a 
frequency offset of the subcarrier of the reception signal based on the 
estimated frequency offset estimate value. 

According to yet another aspect of the present invention, a method of 
compensating for a frequency offset of a subcarrier of a reception signal in a 
signal receiver receiving and demodulating the reception signal formed of a 
data symbol section where symbols are assigned in parallel to a plurality of 
subcarriers and modulated and a start symbol applied ahead of the data 
symbol section includes the steps of: calculating a cross correlation value 
between the reception signal and each of N (N is an integer of 3 or more) 
types of reference signals, each corresponding to an arbitrary portion in the 
start symbol, detecting a peak position of the N calculated cross correlation 
values, estimating and averaging a plurality of frequency offset estimate 
values of the subcarrier of the reception signal for output, based on the 
cross correlation value at each of the N detected peak positions, and 
compensating for a frequency offset of the subcarrier of the reception signal, 
based on the estimated and averaged frequency offset estimate value. 

According to yet a still further aspect of the present invention, a 
method of compensating for a frequency offset of a subcarrier of a reception 
signal in a signal receiver receiving and demodulating the reception signal 
formed of a data symbol section where symbols are assigned in parallel to a 
plurality of subcarriers and modulated and a start symbol added ahead of 
the data symbol section includes a first control step and a second control 
step. The first control step includes the steps of calculating a cross 
correlation value between the reception signal and each of N (N is an 
integer of 2 or more) types of reference signals, each corresponding to an 
arbitrary portion in a start symbol, detecting the peak position of each of 
the N calculated cross correlation values, estimating a frequency offset 
estimate value of the subcarrier of the reception signal, based on a cross 
correlation value at each of the N detected peak positions for output, as 
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well as accumulating the estimated frequency offset estimate values, 
rotating the phase of the subcarrier of the reception signal based on the 
estimated frequency offset estimate value, and storing the phase-rotated 
reception signal. The second control step includes the steps of calculating 
a cross correlation value between the stored phase-rotated reception signal 
and each of the N types of reference signals, detecting a peak position of 
each of the calculated cross correlation values, estimating a frequency offset 
estimate value of the subcarrier of the stored phase-rotated reception signal 
for output, based on the cross correlation value at each of the N detected 
peak positions, as well as accumulating the estimated frequency offset 
estimate value, rotating the phase of the subcarrier of the stored phase- 
rotated reception signal based on the estimated frequency offset estimate 
value, and storing the phase-rotated reception signal. The method 
includes the steps of repeating the second control step (N - 1) times after 
the first control step, and compensating for a frequency offset by rotating 
the phase of the subcarrier of the reception signal based on an added value 
of the N frequency offset estimate values accumulated by the first and 
second control steps. 

According to an additional aspect of the present invention, a method 
of compensating for a frequency offset of a subcarrier of a reception signal 
in a signal receiver receiving and demodulating the reception signal formed 
of a data symbol section where symbols are assigned in parallel to a 
plurality of subcarriers and modulated and a start symbol added ahead of 
the data symbol section includes the steps of: storing N (N is an integer of 
2 or more) types of reference signals, each corresponding to an arbitrary 
portion of the start symbol and a plurality of reference data based on phase 
rotation angles between cross correlation values corresponding to a 
plurality of sets of the reference signals, each set formed of at least two or 
more types of reference signals, under a state where a particular frequency 
offset is present, a first control step, and a second control step. The first 
control step includes the steps of calculating a cross correlation value 
between the reception signal and respective reference signals of a set 
corresponding to the smallest reference data from the plurality of reference 
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data, detecting a peak position of each of the calculated cross correlation 
values, estimating a frequency offset estimate value of the subcarrier of the 
reception signal, based on the cross correlation value at each of the detected 
peak positions and the smallest reference data for output, as well as 
accumulating the estimated frequency offset estimate values, extracting 
and storing a portion of the reception signal, and rotating the phase of the 
stored reception signal based on the estimated frequency offset estimate 
value. The second control step includes the steps of calculating a cross 
correlation value between the stored reception signal whose phase is 
rotated based on the estimated frequency offset estimate value and 
respective reference signals of a set corresponding to the smallest unused 
reference data of the plurality of reference data, detecting a peak position of 
each of the calculated cross reference values, and estimating a frequency 
offset estimate value of the phase-rotated stored reception signal for output, 
based on the cross correlation value at each of the detected peak positions 
and the smallest unused reference data, as well as accumulating the 
estimated frequency offset estimate values. The method further includes 
the steps of repeating the second control step after the first control step, 
and compensating for a frequency offset by rotating the phase of the 
subcarrier of the reception signal based on an added value of the 
frequency offset estimate values accumulated by the first and second 
control steps. 

According to still another aspect of the present invention, a method 
of compensating for a frequency offset of a subcarrier of a reception signal 
in a signal receiver receiving and demodulating the reception signal formed 
of a data symbol section where symbols are assigned in parallel to a 
plurality of subcarriers and modulated and a start symbol added ahead of 
the data symbol section includes the steps of: detecting the C/N of the 
reception signal, storing a data table identifying an optimum reference 
signal corresponding to the C/N of the reception signal, providing N (N is 
an integer of 2 or more) types of optimum reference signals, each 
corresponding to an arbitrary portion in the start symbol, based on the data 
table, according to the detected C/N, calculating a cross correlation value 
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between the reception signal and each of the N types of reference signals, 
detecting a peak position of each of the N calculated cross reference values, 
estimating a frequency offset estimate value of the subcarrier of the 
reception signal for output, based on the cross correlation value at each of 
5 the N detected peak positions, and compensating for a frequency offset of 
the subcarrier of the reception signal based on the estimated frequency 
offset estimate value. 

fjj Brief Description of the Drawings 

i=0 10 Fig. 1 is a block diagram showing a frequency offset compensator of 

%^ an OFDM receiver according to a first embodiment of the present invention. 

?J Fig. 2 is a diagram to describe the operation mechanism of the 

frequency offset compensator of the OFDM receiver according to the first 
embodiment of the present invention, x represents the equivalent 
O 15 estimated position to a phase rotation angle. Ngi represents the number 
|? of samples included in Tgi. Nw represents the number of samples 

yf included in Tw. 

Fig. 3 is a diagram to describe the normalized frequency offset versus 
bit error rate characteristics of the frequency offset compensator of the 
20 OFDM receiver according to the first embodiment of the present invention. 

Fig. 4 is a diagram to describe the position of a reference signal for a 
start symbol of the frequency offset compensator of the OFDM receiver 
according to the first embodiment of the present invention. 

Fig. 5 is a diagram to describe the normalized frequency offset versus 
25 bit error rate characteristics when a reference signal with different 
reference data (equivalent estimated time difference) TE is used in a 
frequency offset compensator having a high CNR of the OFDM receiver 
according to the first embodiment of present invention. 

Fig. 6 is a diagram to describe the normalized frequency offset versus 
30 bit error rate characteristics when a reference signal with different 
reference data (equivalent estimated time difference) TE is used in a 
frequency offset compensator having a low CNR of the OFDM receiver 
according to the first embodiment of present invention. 
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Fig. 7 is a diagram to describe increase in a frequency offset that can 
be estimated when noise is relatively small and TE/Tw is small in the 
frequency offset compensator of the OFDM receiver. 

Fig. 8 is a diagram to describe reduction in a frequency offset that 
5 can be estimated when TE/Tw is large in the frequency offset compensator 
of the OFDM receiver. 

Fig. 9 is a diagram to describe increase in a frequency offset estimate 
error due to noise when TE/Tw is small in the frequency offset compensator 
of the OFDM receiver. 
10 Fig. 10 is a diagram to describe reduction in a frequency offset 

estimate error due to noise when TE/Tw is large in the frequency offset 
compensator of the OFDM receiver. 

Fig. 1 1 is a block diagram showing a frequency offset compensator of 
an OFDM receiver according to a second embodiment of the present 
15 invention. 

Fig. 12 is a diagram to describe the operation mechanism of the 
frequency offset compensator of the OFDM receiver according to the second 
embodiment of the present invention, x represents the equivalent 
estimated position of the phase rotation angle. 
20 Fig. 13 is a graph showing the relationship between a frequency 

offset value and a frequency offset estimate value by the general frequency 
offset estimation method in a frequency offset compensator of an OFDM 
receiver. The bold solid line represents the noiseless portion. The 
hatched region represents the frequency offset estimate error range when 
25 there is noise. Af represents the frequency offset value. AF represents . 
the frequency offset estimate value. 

Fig. 14 is a diagram to describe increase in the estimated error of the 
phase angle of a cross correlation value when the amplitude of the cross 
correlation value becomes smaller in a frequency offset compensator of an 
30 OFDM receiver. The hatched region represents the error range of the 
cross correlation value output due to noise. 

Fig. 15 is a block diagram of a frequency offset compensator of an 
OFDM receiver according to a third embodiment of the present invention. 



- 17- 



Fig. 16 is a block diagram to describe tbe operation of the frequency 
offset compensator of the OFDM receiver according to the third 
embodiment of the present invention. 

Fig. 17 is a block diagram to describe an operation of the frequency 
5 offset compensator of the OFDM receiver according to the third 
embodiment of the present invention. 

Fig. 18 is a block diagram to describe an operation of the frequency 
offset compensator of the OFDM receiver according to the third 
embodiment of the present invention. 
10 Fig. 19 is a flow chart representing the procedure in the frequency 

offset compensator of the OFDM receiver according to the third 
embodiment of the present invention. 

Fig. 20 is a graph showing the relationship between the normalized 
frequency offset and the bit error rate obtained from the frequency offset 
15 compensator of the OFDM receiver according to the third embodiment of 
the present invention. 

Fig. 21 is a block diagram showing a frequency offset compensator of 
an OFDM receiver according to a fourth embodiment of the present 
invention. 

20 Fig. 22 is a block diagram showing a frequency offset compensator of 

an OFDM receiver according to a fifth embodiment of the present invention. 

Fig. 23 shows the relationship between reference signals stored in a 
memory 2 1 1 of the frequency offset estimator of Fig. 22. x represents the 
equivalent estimated position of the phase rotation angle (length of 
25 reference signal is constant). 

Fig. 24 is a flow chart of the procedure of the frequency offset 
estimator of an OFDM receiver according to the fifth embodiment of the 
present invention. 

Fig. 25 is a diagram to describe the relationship between reference 
30 signals stored in memory 2 1 1 of a frequency offset estimator of an OFDM 
receiver according to a sixth embodiment of the present invention, x 
represents an equivalent estimated position of the phase rotation angle 
(length of reference signal is constant). 
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Fig. 26 is a block diagram showing an orthogonal detector with a 
frequency offset compensation function of an OFDM receiver according to a 
seventh embodiment of the present invention. 

Fig. 27 is a block diagram of a frequency offset estimator of the 
OFDM receiver according to the seventh embodiment of the present 
invention. 

Fig. 28 is a block diagram showing a digital orthogonal detector of 
the orthogonal detector unit with the frequency offset compensation 
function of Fig. 26. 

Fig. 29 is a block diagram showing the relationship between a 
frequency offset estimator and a digital orthogonal detector of an OFDM 
receiver according to an eighth embodiment of the present invention. 

Fig. 30 is a block diagram of a frequency offset estimator of Fig. 29. 

Fig. 3 1 is a graph showing the normalized frequency offset versus bit 
error rate characteristics when the width "width" of the reference signal is 
constant and the time difference "shift" of the reference signal is altered in 
the case where the C/N is relatively small. 

Fig. 32 is a graph showing the normalized frequency offset versus bit 
error rate characteristics when the width "width" of the reference signal is 
constant and the time difference "shift" of the reference signal is altered in 
the case where the C/N is moderate. 

Fig. 33 is a graph showing the normalized frequency offset versus bit 
error rate characteristics when the width "width" of the reference signal is 
constant and the time difference "shift" of the reference signal is altered in 
the case where the C/N is relatively large. 

Fig. 34 is a diagram to describe reduction in the operation completion 
time with a smaller time difference "shift" of the reference signal. A 
represents the value (constant) of "width". B represents the value of 
"shift" (Bl < B2). SI represents the first reference signal used for 
correlation out of one pair of reference signals with width = Al. S2 1 
represents the reference signal used for correlation after shifting by Bl 
from SI. S22 represents the reference signal used for correlation after 
shifting by B2 from Si. 
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Fig. 35 is a graph representing the normalized frequency offset 
versus bit error rate characteristics when the time difference "shift" of the 
reference signal is constant and width "width" of the reference signal is 
altered in the case where C/N is relatively small. 

Fig. 36 is a graph representing the normalized frequency offset 
versus bit error rate characteristics when the time difference "shift" of the 
reference signal is constant and the width "width" of the reference signal is 
altered in the case where C/N is moderate. 

Fig. 37 is a graph representing the normalized frequency offset 
versus bit error rate characteristics when the time difference "shift" of the 
reference signal is constant and the width "width" of the reference signal is 
altered in the case where C/N is relatively large. 

Fig. 38 is a diagram to describe reduction in the operation completion 
time with a smaller width "width" of the reference signal. B represents 
the value (constant) of "width". A represents the value of "shift" (Al < A2). 
Sll indicates the first reference signal used for correlation from a pair of 
reference signals with width = Al. S12 indicates the reference signal used 
for correlation after shifting by B from Sll. S2 1 indicates the first 
reference signal used for correlation from a pair of reference signals with 
width = A2. S22 indicates the reference signal used for correlation after 
shifting by B from S21. 

Fig. 39 is a graph indicating the normalized frequency offset versus 
bit error rate characteristics when the time difference "shift" and width 
"width" of the reference signal are altered in the case where C/N is 
relatively small. 

Fig. 40 is a graph indicating the normalized frequency offset versus 
bit error rate characteristics when the time difference "shift" and width 
"width" of the reference signal are altered in the case where C/N is 
moderate. 

Fig. 41 is a graph indicating the normalized frequency offset versus 
bit error rate characteristics when the time difference "shift" and width 
"width" of the reference signal are altered in the case where C/N is 
relatively large. 
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Fig. 42 shows a C/N detector obtaining the C/N information of a 
reception signal in an OFDM receiver according to a ninth embodiment of 
the present invention. 

Fig. 43A is a diagram to describe the spectrum of a single carrier 
modulation method. 

Fig. 43B is a diagram to describe the spectrum of an OFDM 
transmission method. 

Fig. 44 is a diagram to describe a frequency offset in an OFDM signal. 
The vertical broken line represents the case where there is no offset (when 
not affected by another wave), whereas the horizontal solid bine represents 
the case where a frequency offset is present (when affected by another 
wave). 

Fig. 45 is a block diagram showing an OFDM transmission 
apparatus of conventional art. 

Fig. 46 is a diagram to describe a general packet structure of an 
OFDM signal. 

Fig. 47 is a block diagram showing an OFDM receiver of 
conventional art. 

Fig. 48 is a block diagram showing an example of a digital 
orthogonal detector in an OFDM receiver of conventional art. 

Fig. 49 is a block diagram showing an example of a frequency offset 
compensator in an OFDM receiver of conventional art. 

Fig. 50 is a block diagram showing a correlator of a frequency offset 
compensator in an OFDM receiver of conventional art. 

Fig. 51 is a diagram to describe the operation mechanism of a 
frequency offset compensator in an OFDM receiver of conventional art. 

Best Modes for Carrying Out the Invention 
[First Embodiment] 

An OFDM receiver according to a first embodiment of the present 
invention will be described hereinafter with reference to Figs. 1-6. 
Components common to the OFDM receiver of conventional art described 
with reference to Fig. 47 have the same reference character allotted, and 
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description thereof will not be repeated. 

The OFDM receiver of the first embodiment is an improved version 
of frequency offset compensator 14 of the conventional OFDM receiver 
described with reference to Fig. 47. Components other than frequency 
offset compensator 14 have a structure similar to those of the conventional 
OFDM receiver. 

It is assumed that the OFDM receiver of the first embodiment as well 
as respective embodiments described afterwards has its overall operation 
controlled by controller 2000 shown in Fig. 47. 

The structure of a frequency offset compensator in the OFDM 
receiver of the first embodiment will be described with reference to Fig. 1. 
In Fig. 1, the signal line in a bold line represents a complex signal whereas 
the signal line in a thin line represents a real number signal. 

A memory 51 in Fig. 1 stores N (N = 2 in the first embodiment) types 
of signals, each corresponding to an arbitrary portion in a start symbol, as 
reference signals. Cross correlators 52 and 53 calculate the cross 
correlation values between the output signal from digital orthogonal 
detector 13 (Fig. 47) and respective ones of the two reference signals stored 
in memory 51. 

Peak detector 54 detects a peak position of each output of cross 
correlators 52 and 53. Frequency offset estimation circuit 55 calculates a 
phase rotation angle to estimate a frequency offset value of a received 
OFDM signal based on the cross correlation value at each peak position 
detected at peak detector 54. 

Frequency offset estimation circuit 55 includes a phase rotation 
angle calculation circuit 56 calculating a phase rotation angle based on the 
cross correlation value of each peak position detected at peak detector 54, a 
memory 57 storing reference data (equivalent estimated time difference) 
2tcTE corresponding to the two reference signals stored in memory 51, and 
a divider 58 dividing the output of phase rotation angle calculation circuit 
56 by reference data 2tcTE stored in memory 57. 

By calculating the phase rotation angle AGref between cross 
correlation values calculated corresponding to the two reference signals 
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stored in memory 51 in a state where a particular frequency offset Afref is 
present, reference data stored in memory 57 can be obtained. More 
specifically, reference data (equivalent time difference in reference signals) 
TE which is a value based on the waveform and position of the reference 
signal stored in memory 51 can be obtained using the following equation. 
TE = A9ref/27t Afref 

The operation of the frequency offset compensator of Fig. 1 will be 
described with reference to Fig. 2. It is assumed that the two reference 
signals corresponding to portions in two consecutive start symbols each 
have a width "width" and shifted in timing from each other by "shift", as 
shown in Fig. 2. 

More specifically, when the number of samples included in time Tgi 
and time Tw are Ngi and Nw, respectively, the first reference signal is a 
signal corresponding to the start symbol of the section represented by Ngi + 
Nw - (shift + width)/2 to Ngi + Nw - (shift - width)/2 calculating from the 
head of the start symbol. The second reference signal is a signal 
corresponding to the start symbol of the section represented by Ngi + Nw - 
(-shift + width)/2 to Ngi + Nw - (-shift - width)/2 calculating from the head 
of the start symbol. 

Cross correlators 52 and 53 calculate the cross correlation values 
between the reception signal from digital orthogonal detector 13 (Fig. 47) 
and respective ones of the above two reference signals. Phase rotation 
angle calculation circuit 56 obtains a phase rotation angle A6 of a reception 
signal from the cross correlation value at each calculated peak position. 
By dividing this phase rotation angle A0 by reference data 2ttTE stored in 
memory 57, frequency offset estimate Af = A9/(2tiTE) can be estimated. 

Based on this frequency offset estimate Af, phase rotation circuit 37 
can compensate for a frequency offset of the reception signal from digital 
orthogonal detector 13 (Fig. 47). 

In the case where two reference signals are used as described above, 
the estimation range of the normalized frequency offset can be set from - 
Tw/(2TE) to +Tw/(2TE), as shown in Fig. 3, differing from the frequency 
range of frequency offset value Af. 
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More specifically, when TE < Tw, the compensation range of 
frequency offset can be enlarged in the OFDM receiver of the first 
embodiment in comparison to the aforementioned conventional case. 

The example of Fig. 3 shows the normalized frequency offset 
(horizontal axis) versus bit error rate characteristics (BER: Bit Error Rate) 
(vertical axis) when the sampling clock synchronization and symbol timing 
synchronization are completely established, and the number of samples Nw 
(number of points of FFT 18 (Fig. 47)) included in the valid symbol section 
length Tw is 64 and the number of subcarriers N is 48. 

Fig. 4 shows the positions of the two reference signals in the start 
symbol when the width (number of samples) "width" of the two reference 
signals is 16, and the TE/Tw is 0.25 and 1.5, respectively (reference signal 
shift (number of samples) "shift" is set to 16 and 96, respectively). 

When there is an error nG in the phase rotation angle, the frequency 
offset estimate value becomes Af + nf = (A9 + n9) / (2tcTE), resulting in 
frequency offset estimate error nf. More specifically, when the value of TE 
is small, the influence by error nG of the phase rotation angle (frequency 
offset estimate error nf with respect to frequency offset estimate value Af) 
increases to cause error floor. 

For example, consider the case where the noise is small as shown in 
Fig. 5 (for example, CNR (carrier-to-noise) = 35db). In the case where a 
certain frequency offset Af is present, the rotation angle AG becomes smaller 
(1/6 times larger than when TE/Tw = 1.5) in the case TE/Tw = 0.25 as 
shown in Fig. 7 than when TE/Tw = 1.5, as shown in Fig. 8, by the 
relationship of 

Af = AG / (2ttTE) (where -it < AG < ti) 

It is to be noted that the range of AG is -k < AG < it. Therefore, the 
range of the frequency offset that can be estimated is increased (six times 
that when TE/Tw = 1.5) as rotation angle AG with respect to a certain 
frequency offset Af becomes smaller (that is, TE/Tw becomes smaller). 

This means that the range of the frequency offset that can be 
estimated can be increased by reducing the value of reference data TE 
when the noise is small as in Fig. 5. 
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The presence of noise will cause error in the cross correlation value. 
As a result, error n6 is generated for rotation angle AG as shown in Figs. 9 
and 10. 

Here, error nf due to noise is also generated in the frequency offset 
estimate value. As a result, the frequency offset estimate value is 

Af + nf = (A9 + nG) / (2tcTE) 
Therefore, estimate error nf of frequency offset is relatively increased as TE 
is reduced under the circumstance where noise is present (in the case of 
TE/Tw = 0.25, 6 times that of TE/Tw = 1.5). 

Therefore, error floor occurs since frequency offset estimate error nf 
is great when TE/Tw = 0.25, as shown in Fig. 6, whereas error floor does 
not occur when TE/Tw = 1.5 since frequency offset estimate error nf is 
suppressed to a relatively low level. 

It is therefore appreciated that the estimate error of a frequency 
offset can be further reduced by increasing reference data TE value. 

Thus, the estimation range and accuracy of the frequency offset 
value can be set arbitrarily depending upon the selection of the value of 
time difference reference data TE equivalent to the reference signal, i.e. 
selection of the reference signal per se. 

Although two continuous start symbols each having the length of Tgi 
+ Tw are employed as known symbols to be added ahead of the data symbol 
in the first embodiment, the length of the start symbol and the number of 
consecutive start symbols are not limited thereto. Start symbols of an 
arbitrary length and arbitrary number can be added. 

The first embodiment was described for a frequency offset 
compensator that estimates frequency offset with two reference signals as 
one set (N = 2). Generally, the estimate error of frequency offset caused by 
noise can be suppressed by estimating the frequency offset of two or more 
reference signals as one set (N > 2). 

[Second Embodiment] 

A frequency offset compensator of an OFDM receiver according to a 
second embodiment of the present invention with two or more reference 
signals as one set will be described with reference to Figs. 11 and 12. 
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Components common to those of the frequency offset compensator of the 
first embodiment shown in Fig. 1 have the same reference character 
allotted, and description thereof will not be repeated. 

As shown in Fig. 11, the OFDM receiver of the second embodiment 
includes a memory storing three types (N = 3) of reference signals, each 
corresponding to an arbitrary portion in a start symbol, cross correlators 52, 
53 and 61 calculating the cross correlation values between the signal 
output from digital orthogonal detector 13 (Fig. 47) and respective ones of 
the three reference signals stored in memory 51, a peak detector 54 
detecting the peak position of each of the outputs of cross correlators 52, 53 
and 61, and a frequency offset estimation circuit 65 estimating a frequency 
offset value based on the cross correlation value at each peak position 
detected at peak detector 54. 

Frequency offset estimation circuit 65 includes a phase rotation 
angle calculation circuit 56 calculating a phase rotation angle of a reception 
signal from each cross correlation value obtained with respect to first and 
second reference signals, a divider 58 dividing the output of phase rotation 
angle calculation circuit 56 by reference data (equivalent estimated time 
difference) 27cTEl stored in memory 57, a phase rotation angle calculation 
circuit 66 calculating the phase rotation angle of a reception signal from 
respective cross correlation values obtained for second and third reference 
signals, a divider 68 dividing the output of phase rotation angle calculation 
circuit 66 by reference data (equivalent estimated time difference) 2tcTE2 
stored in memory 67, and an averaging circuit 69 obtaining the average 
between the output of divider 58 and the output of divider 68 to output the 
average as a frequency offset estimate value. 

The operation of the frequency offset compensator of the second 
embodiment will be described hereinafter with reference to Fig. 12. Here, 
the three reference signals corresponding to portions in two consecutive 
start symbols each have a width "width" and shifted in timing sequentially 
by "shift" from each other, as shown in Fig. 12. By calculating the cross 
correlation value between respective ones of the three reference signals and 
the reception signal, the phase rotation angle of the reception signal is 
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obtained from each cross correlation value. Then by comparing these 
phase rotation angles with each other, the frequency offset is estimated. 

Since three reference signals are used in the second embodiment, the 
cross correlation values at respective peak positions of the corresponding 
5 cross correlation values, i.e. three phase rotation angles, are obtained. 
Based on the obtained phase rotation angles, phase rotation angle 
calculation circuits 56 and 66 can calculate 2 (= N - 1) phase rotation angle 
differences. 

The phase rotation angle difference calculated by phase rotation 

10 angle calculation circuit 56 is divided by reference data (equivalent 

estimated time difference) 2tcTE1 corresponding to the first and second 
reference signals stored in memory 57. Also, the phase rotation angle 
difference calculated by phase rotation angle calculation circuit 66 is 
divided by reference data (equivalent estimated time difference) 2kTE2 

15 corresponding to second and third reference signals stored in memory 67. 

These divided results are all averaged and regarded as the frequency offset 
estimate value. Accordingly, estimate error caused by noise can be 
suppressed in estimating the frequency offset value. 

Similar to the first embodiment, reference data (equivalent time 

20 difference in reference signals) TEn (n = 1 ~ N - 1) is calculated from the 
phase rotation angle of respective cross correlation values when a certain 
frequency offset is applied in advance to the start symbol in the second 
embodiment. Using the calculated reference data, each frequency offset 
estimate value Afn = A9/(27tTEn) (n = 1 ~ N - 1) is obtained, where 

25 Af = EAfn / (N - 1) 

is output to phase rotation circuit 37 as the frequency offset estimate value. 
Based on this averaged frequency offset estimate value, phase rotation 
circuit 37 can compensate for a frequency offset of the reception signal from 
digital orthogonal detector 13 (Fig. 47). 

30 When the number of types N of the reference signal is increased as in 

the above-described second embodiment, N - 1 frequency offset estimate 
values are obtained and averaged to be provided as the eventual frequency 
offset estimate value. Therefore, frequency offset estimation that is 
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impervious to noise can be implemented. 

In the frequency offset compensator of the above first and second 
embodiments, the frequency offset is compensated by the phase rotation of 
a reception signal through phase rotation circuit 37. The frequency offset 
of a reception signal can be compensated for without using phase rotation 
circuit 37. More specifically, frequency offset value Af obtained at 
frequency offset estimation circuit 65 is applied to the control input of local 
oscillator 2 1 (Fig. 48) in digital orthogonal detector 13 to control the 
oscillation frequency variably. 

[Third Embodiment] 

An OFDM receiver according to a third embodiment of the present 
invention will be described with reference to Figs. 13-20. Components 
common to those of the frequency offset compensator in the first 
embodiment shown in Fig. 1 have the same reference character allotted, 
and description thereof will not be repeated. 

Before describing the structure of the third embodiment, the reason 
why the accuracy of estimation is improved by repeatedly estimating the 
frequency offset will be described. 

In general, accuracy of the frequency offset estimate is degraded as 
the frequency offset becomes greater. 

The graph of Fig. 13 represents the general relationship between a 
frequency offset value and a frequency offset estimate value. It is 
appreciated from the graph that the frequency offset estimate error 
becomes larger as the frequency offset value increases. This is considered 
to be caused by the amplitude of the cross correlation value becoming 
smaller when the frequency offset is great to become more susceptible to 
noise since the frequency offset is obtained by the phase rotation angle of a 
cross correlation value between a start symbol included in a reception 
signal and a reference signal in estimating the frequency offset value. 

It is appreciated from the graph of Fig. 14 that the estimate error of 
the phase angle of the cross correlation value becomes greater since the 
noise is increased with respect to the amplitude of the cross correlation 
value as the amplitude of the cross correlation value becomes smaller. 
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The third embodiment is directed to reduce the frequency offset 
estimate error by repeatedly executing frequency offset estimation. 

Referring to Fig. 15, the frequency offset compensator of the OFDM 
receiver of the third embodiment includes memories 101 and 102 storing 
reference signals, a memory 103 storing a reception signal only during the 
period of time required to calculate a frequency offset, a memory 104 
storing the output of phase rotation circuit 108, cross correlators 105 and 
106 calculating the cross correlation values between the output of digital 
orthogonal detector 13 (Fig. 47) or the received start symbol stored in 
memory 104 and respective reference signals stored in memories 101 and 
102, a peak detector 1 14 detecting a peak position from the output of each 
cross correlator to estimate a symbol synchronizing position, a frequency 
offset calculator 107 calculating the phase rotation angle from the outputs 
of cross correlators 105 and 106 to estimate a frequency offset value, a 
phase rotation circuit 108 rotating the phase of the output from memory 

103 or 104 based on the output from frequency offset calculator 107, and 
then providing the result to memory 104, a delay unit 109 delaying the 
output of orthogonal detector 13 (Fig. 47) by a period of time required to 
compensate for frequency offset, a phase rotation circuit 110 rotating the 
phase of the signal output from delay unit 109 based on the output from 
frequency offset calculator 107, a switcher 111 selectively switching 
between the outputs of digital orthogonal detector 13 (Fig. 47) and memory 

104 to provide the selected output to cross correlators 105 and 106, a 
switcher 1 12 selectively switching between the output of memory 103 and 
the output of memory 104 to provide the selected output to phase rotation 
circuit 108, and a switcher 113 selectively switching the signal stored in 
memory 104 to one input of switcher 111 or 112. 

The switching operation of switchers 111, 112 and 113 are under 
control of control signals from controller 2000 (Fig. 47). 

The operation of the frequency offset compensator according to third 
embodiment will be described with reference to the block diagrams of Figs. 
16-18. 

As shown in Fig. 16, switching control is effected by controller 2000 
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so that switcher 1 1 1 is connected to the output side of digital orthogonal 
detector 13 (Fig. 47), switcher 112 is connected to the memory 103 side, and 
switcher 1 13 is connected to the switcher 111 side. The signal from digital 
orthogonal detector 13 is applied to both cross correlators 105 and 106 
through switcher 111. Cross correlators 105 and 106 obtain cross 
correlation values with respective reference signals stored in memories 101 
and 102. The cross correlation values calculated at respective cross 
correlators are applied to frequency offset calculator 107. The signal from 
digital orthogonal detector 13 is stored in memory 103 at the same time. 

Frequency offset calculator 107 calculates the frequency offset 
estimate based on the two applied cross correlation values. According to 
the calculated frequency offset estimate value, phase rotation circuit 110 
rotates the phase of the output of delay unit 109. Delay unit 109 holds the 
output of orthogonal detector 13 during the period of time required to 
calculate the frequency offset estimate value, and provides the same to 
phase rotation circuit 110 following completion of frequency offset 
estimation. Accordingly, frequency offset is compensated for from the 
beginning of the reception data. Phase rotation circuit 108 rotates the 
phase of the signal stored in memory 103 based on the calculated frequency 
offset estimate value. The result is stored in memory 104. 

Then, switching control is effected by controller 2000 so that switcher 
111 is connected to the switcher 113 side and switcher 112 is connected to 
the switcher 113 side, as shown in Fig. 17. Cross correlators 105 and 106 
calculate the cross correlation values between the signal stored in memory 
104 and respective reference signals stored in memories 101 and 102. 
Based on the calculated cross correlation values, frequency offset calculator 
107 calculates and provides a frequency offset estimate value to phase 
rotation circuits 108 and 110. 

Then, switching control is effected by controller 2000 so that switcher 
113 is connected to the switcher 112 side, as shown in Fig. 18. Based on 
the frequency offset estimate value calculated by frequency offset calculator 
107, phase rotation circuit 108 rotates the phase of the signal stored in 
memory 104 and stores the phase-rotated signal in memory 104 again. 
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Then, switching control is effected by controller 2000 so that switcher 113 is 
connected to the switcher 111 side. Thereafter, the operation of obtaining 
cross correlation values between the signal stored in memory 104 and 
respective reference signals, estimating the frequency offset based on the 
5 calculated cross correlation values, rotating the phase of the signal stored 
in memory 104, and storing the phase-rotated signal in memory 104 again 
is repeated. 

The above procedure of a frequency offset compensator according to 
^ the third embodiment will be described hereinafter with reference to the 

% 10 flow chart of Fig. 19. 

|3 In the example of Fig. 19, it is assumed that estimation of a 

%j frequency offset is effected N times under control of controller 2000 (Fig. 

ijl 47). Also, by monitoring the cross correlation value between a reception 

signal and a reference signal through peak detector 114, the start symbol 
q 15 position and data symbol position can be estimated in the frequency offset 
$" estimator. 

\f\ At step SI, switching control is executed so that switcher 111 is 

O connected to the output side of digital orthogonal detector 13, and switcher 

fl ! 

112 is connected to the memory 103 side. At step S2, the cross correlation 
20 values between the reception signal from digital orthogonal detector 13 and 
respective reference signals stored in memories 101 and 102 is calculated 
by cross correlators 105 and 106. At step S3, determination is made 
whether peak detector 1 14 has detected the peak position of the cross 
correlation value. When the peak position is not detected, the process of 
25 step S2 is repeated. When the peak position is detected, control proceeds 
to step S4 to calculate a frequency offset estimate value (offset value #1) 
from the cross correlation values calculated at cross correlators 105 and 106. 

At step S5, the signal from orthogonal detector 13 stored in memory 
103 is provided to phase rotation circuit 108 via switcher 112. At step S6, 
30 phase rotation circuit 108 rotates the phase of the signal input from 

memory 103 according to the aforementioned frequency offset estimate 
value (offset value #1). At step S7, the reception signal phase-rotated by 
phase rotation circuit 108 is stored in memory 104. 
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At step S8, switching control is effected so that switcher 111 is 
connected to the switcher 113 side and switcher 112 is connected to the 
switcher 1 13 side. The process set forth below is repeated (N - 1) times 
from step S9 to step S16. 

At step S10, cross correlators 105 and 106 calculate the cross 
correlation values between the signal applied from memory 104 through 
switchers 113 and 111 and respective reference signals stored in memories 
101 and 102. At step Sll, frequency offset calculator 107 calculates a 
frequency offset estimate value (offset value #n). At step S12, switching 
control is effected to switch switcher 1 13 to the switcher 1 12 side. At step 
S13, phase rotation circuit 108 rotates the phase of the signal read out from 
memory 104 via switchers 113 and 112 according to the calculated 
frequency offset estimate value (offset value #n). At step S14, the phase- 
rotated signal by phase rotation circuit 108 is stored in memory 104 again. 

At step S15, switching control is effected to connect switcher 113 to 
the switcher 111 side. The process from step S10 to S16 is repeated (N - 
1) times. Following repetition of (N - 1) times, control proceeds to step 
S 17 to add all the calculated offset values #1 to #N. At step S 18, the phase 
of the signal output from delay unit 109 is rotated by phase rotation circuit 
1 10 according to the added value. 

Fig. 20 is a graph showing the relationship between the normalized 
frequency offset obtained from the frequency offset compensator of the third 
embodiment and the bit error rate when the width of the reference signal is 
width = 16 and the shift between the two reference signals is shift = 8. As 
shown in Fig. 20, at the first time, the cross correlation values between the 
start symbol in the reception signal and the reference signals are calculated 
to obtain a frequency offset estimate value. The frequency offset is 
compensated for by the obtained value. At the second time, the cross 
correlation value between the start symbol after frequency offset 
compensation and the reference signals are calculated to obtain a frequency 
offset estimate value. The frequency offset is compensated for based on 
that obtained value. The cross correlation value obtained at this stage has 
a larger amplitude and smaller phase angle than those of the cross 
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correlation value obtained between the start symbol in the reception signal 
and the reference signal at the first time. Therefore, a frequency offset 
estimate value closer to the actual frequency offset value will be obtained 
by the second offset estimation. By repeating a process similar to that of 
5 the second time at the third time, the number of offset estimations 
increases to allow greater frequency offset compensation. 

In the above third embodiment, the frequency offset is estimated 
with two reference signals (N = 2) as one set. By carrying out estimation 
jj of a frequency offset with more than two reference signals (N > 2) as one set, 

yj 10 frequency offset estimation error caused by noise can be further suppressed. 
| j [Fourth Embodiment] 

'H An OFDM receiver according to a fourth embodiment of the present 

| { invention will be described with reference to Fig. 2 1. Components common 

g to those of the above third embodiment have the same reference character 

CJ 15 allotted, and description thereof will not be repeated. 

£<* As shown in Fig. 21, the frequency offset compensator of the fourth 

"111 embodiment includes memories 101, 102, 115 storing three types (N = 3) of 

pi reference signals corresponding to arbitrary portions in a start symbol, and 

cross correlators 105, 106 and 111 calculating the cross correlation values 
20 between the output signal from digital orthogonal detector 13 (Fig. 14) and 

the three reference signals stored in memories 101, 102 and 115, 

respectively. 

According to the frequency offset compensator of the fourth 
embodiment shown in Fig. 21, the phase rotation angles are calculated by 
25 three cross correlators 105, 106 and 116 and applied to frequency offset 
calculator 107. Frequency offset calculator 107 estimates two frequency 
offset values according to the phase rotation angles. An average thereof is 
applied to phase rotation circuit 108 as a frequency offset estimate value for 
frequency offset estimation. Thus, estimation error caused by noise can be 
30 suppressed in estimating a frequency offset value. 
[Fifth Embodiment] 

An OFDM receiver according to a fifth embodiment of the present 
invention will be described with reference to Figs. 22-24. Components 
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common to those in the previous first embodiment have the same reference 
character allotted, and description thereof will not be repeated. 

Before describing the structure of the fifth embodiment in detail, the 
reason why estimation accuracy is improved by the frequency offset 
estimation method of the fifth embodiment will be described here. 

As described in association with each of the above embodiments, the 
frequency offset estimate value can be calculated basically from one pair of 
cross correlation values. More specifically, frequency offset can be 
estimated at a wider range as the value of reference data (equivalent 
estimated time difference) TE becomes smaller from equation Af = 
A0/(2tcTE) which is the equation to derive the frequency offset estimate 
value. Conversely, the frequency offset estimation range becomes smaller 
as the value of reference data TE becomes greater. 

Considering the case where noise is added to the reception signal, 
the obtained phase rotation angle A0 will include error n0 due to the noise. 
The frequency offset estimate value when noise is added to the reception 
signal is represented as Af + nf = (A0 + n6) / (2tcTE) taking into 
consideration error n0. Therefore, it is appreciated that the frequency 
offset estimate value is more and less affected by error n0 caused by noise 
as the value of reference data TE becomes smaller and larger, respectively. 

It is therefore understood that when a small value of reference data 
TE is taken, frequency offset estimation of a larger range is allowed while 
frequency offset estimate error nf caused by noise becomes larger. 

In view of the foregoing, the frequency offset compensator according 
to the fifth embodiment of the present invention is implemented to carry 
out estimation and compensation for frequency offset in order to 
compensate for frequency offset in a wide range at higher accuracy. First, 
a small value of reference data TE is used to obtain a frequency offset 
estimate value over a wide range to carry out frequency offset 
compensation. Then, a larger value of reference data TE is used to 
estimate and compensate for frequency offset so that the error of the 
previously executed frequency offset compensation is reduced. 

More specifically, a plurality of sets of reference signals, each formed 
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of two reference signals, and reference data TE differing for each 
corresponding set of a plurality of reference signals are prepared. 
Estimation and compensation for a frequency offset are repeatedly carried 
out sequentially using the set of reference signals in the order starting from 
the one with the smaller reference data TE. The frequency offset estimate 
value obtained each time is accumulated. The added value of the 
frequency offset estimate values eventually obtained is applied to the phase 
rotation circuit. The phase of the signal from the orthogonal detector 
circuit is rotated based on the applied value. Thus, frequency offset 
estimation corresponding to a wide range of frequency offset and that is 
robust with respect to noise can be carried out. 

As shown in Fig. 22, the frequency offset estimator according to the 
fifth embodiment of the present invention includes a memory 211 storing a 
Length value representing the length from the beginning of the start 
symbol of the reception signal and the end of the reference signal, a 
plurality of reference signals, and a plurality of reference data (equivalent 
estimated time difference) TE respectively corresponding to the plurality of 
sets of these reference signals, a memory 212 storing the received start 
symbol, a switcher 203 selectively switching between the outputs of digital 
orthogonal detector 13 (Fig. 47) and memory 2 12 for output, cross 
correlators 204 and 205 calculating the cross correlation values between the 
output of switcher 203 and respective values of the two types of reference 
signals (one set) stored in memory 211, a peak detector 209 detecting a 
peak of the cross correlation value output from each of cross correlators 204 
and 205 to output a symbol position estimate value, a frequency offset 
calculator 206 calculating the frequency offset estimate value using the 
outputs of cross correlators 204 and 205, the output of peak detector 209, 
and the value of corresponding reference data TE stored in memory 212, a 
phase rotation circuit 207 rotating the phase of the received start symbol 
stored in memory 212 according to the output of frequency offset calculator 
206, a frequency offset estimate value adder 214 adding the output of 
frequency offset calculator 206 for output, a delay unit 213 delaying the 
reception signal from orthogonal detector 13 until the adding operation of 
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frequency offset estimate value adder 2 14 ends, a phase rotation circuit 208 
rotating the phase of the output of delay unit 213 according to the output of 
frequency offset estimate adder 214, a switch 210 controlling the on/off of 
the output of the signal from peak detector 209, a symbol synchronization 
position estimator 201 estimating the position of the data symbol based on 
the peak value output from switch 210 and the Length value stored in 
memory 211, and a start symbol extractor 202 writing the signal in the 
start symbol section of the reception signal into memory 212, based on the 
peak value output from switch 210 and the Length value stored in memory 
211. 

As shown in Fig. 23, memory 211 stores N (N is a positive integer) 
sets constituted by a pair of reference signals Ref(n, 1), Ref(n, 2), and 
reference data TE(n) representing the distance between "equivalent 
estimated position of the phase rotation angle" of respective reference 
signals. Memory 211 also stores the distance from the beginning of the 
start symbol to the end of Ref(n, 1) as "Length". Here, reference signals 
Ref(n, 1) and Ref(n, 2) fall within the start symbol, and have equal and 
constant length. 

Start symbol extractor 202 extracts the start symbol from the 
reception signal to initiate writing into memory 2 12. When cross 
correlator 205 provides a peak output after cross correlator 204 provides a 
peak output, frequency offset calculator 206 estimates the frequency offset. 
According to the estimated result, phase rotation circuit 207 rotates the 
phase of the start symbol written in memory 212, commencing rewriting 
the contents of memory 2 12. It is to be noted that the contents of memory 
212 will not be rewritten over the writing operation of the extracted start 
symbol by start symbol extractor 202. 

Subsequent to the first phase rotation process on the start symbol 
stored in memory 212, the writing operation of the start symbol into 
memory 212 from start symbol extractor 202 will not be effected until 
arrival of the start symbol of the next packet. Therefore, as to the second 
phase rotation process and et seq., only phase rotation circuit 207 rewrites 
the contents of memory 2 12. Switcher 203 receives the data of memory 
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212 rewritten by phase rotation circuit 207. Peak detector 209 has the set 
threshold value, and operates to determine the peak at the time point 
where the applied cross correlation value exceeds the relevant threshold 
value. 

The operation of the frequency offset estimator according to the fifth 
embodiment will be described with reference to Fig. 22. 

Here, it is assumed that memory 212 stores three pairs of reference 
signals Ref(n, 1), Ref(n, 2), and reference data (equivalent estimated time 
difference) TE(n) between reference signals of each pair. It is also 
assumed that the values of corresponding TE(n) (n = 1, 2, 3) are TE(1) = 
TW/50, TE(2) = TW/8, TE(3) = TW/2, respectively, and Length = 20. 

The signal from digital orthogonal detector 13 (Fig. 47) is applied to 
start symbol extractor 202, as well as to cross correlators 204 and 205 via 
switcher 203. Cross correlators 204 and 205 obtain the cross correlation 
values between the input signal and respective value of reference signals 
Ref(l, 1), Ref(l, 2) of the pair stored in memory 2 12. Peak detector 209 
detects the peak position of the calculated cross correlation value. 

Frequency offset calculator 206 estimates a frequency offset value #1 
using the cross correlation value at each peak position and the value of 
corresponding reference data TE(1) stored in memory 211. The output of 
peak detector 209 is applied to symbol synchronization position estimator 
203 via switch 2 10 in an ON state. The symbol position estimate output 
from symbol synchronization position estimator 201 is provided to symbol 
clock generator 15 shown in Fig. 47. The output of peak detector 209 is 
applied to start symbol extractor 202 via switch 2 10 in an on state. Start 
symbol extractor 202 extracts the start symbol from the reception signal 
and stores the same in memory 212. Switch 210 is turned off after the 
peak is detected by cross correlator 204. 

When noise is added in the reception signal, the correct offset 
estimation cannot be achieved since there is an error in the estimated offset. 
In the present embodiment, the phase of the start symbol stored in memory 
212 is rotated by phase rotation circuit 207 using offset estimate value #1, 
and then written back into memory 212. Also, offset estimate value #1 is 
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applied to frequency offset estimate value adder 2 14 to be accumulated. 

Under control of controller 2000 (Fig. 47), switcher 203 is switched so 
that the signal stored in memory 2 12 is applied to cross correlators 204 and 
205. Cross correlators 204 and 205 calculate the cross correlation values 
5 between the signal input from memory 2 12 and respective values of the 
reference signal pair Ref(2, 1), Ref(2, 2) stored in memory 212. Peak 
detector 209 detects the peak position of the cross correlation value. 

Frequency offset calculator 206 estimates a frequency offset estimate 
value #2 using the cross correlation value at each peak position and the 

10 value of corresponding reference data TE(2) stored in memory 211. Offset 
estimate value #2 is applied to frequency offset estimate value adder 212 to 
be accumulated. Although the estimated offset value still includes an 
error, this error is smaller than that of the initial estimate. 

Using this offset estimate value #2, the phase of the start symbol 

15 stored in memory 2 12 is rotated by phase rotation circuit 207 to be written 
into memory 212. Then, the signal in memory 212 is applied again to 
cross correlators 204 and 205. Cross correlators 204 and 205 obtained a 
cross correlation value between the signal input from memory 212 and 
respective values of the reference signal pair Ref(3, 1), Ref(3, 2) stored in 

20 memory 211. Peak detector 209 detects the peak position of the cross 
correlation value. 

Frequency offset calculator 206 estimates a frequency offset estimate 
value #3 using the cross correlation value at each peak position and the 
value of reference data TE(3) stored in memory 211. Offset estimate value 

25 #3 is applied to frequency offset estimate value adder 214 to be 

accumulated. Here, the error included in the estimated offset value is 
further smaller than that of the previous estimation. 

The eventual frequency offset estimate value is the result of adding 
the calculated offset estimate values #1, #2 and #3, which is applied from 

30 frequency offset estimate adder 2 14 to phase rotation circuit 208. Phase 
rotation circuit 208 rotates the phase of the reception signal output from 
delay unit 213 according to the frequency offset estimate value output from 
frequency offset estimate adder 214 to compensate for a frequency offset. 
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The procedure under control of controller 2000 (Fig. 47) in the 
frequency offset estimator of the fifth embodiment will be described 
hereinafter with reference to the flow chart of Fig. 24. 

At step S21, n = 1 is set. At step S22, determination is made 
whether n = 1. When n = 1, control proceeds to step S23 to switch the 
output of switcher 203 to the input from digital orthogonal detector 13 (Fig. 
47). When n ^ 1, control proceeds to step 24 to switch the output from 
switcher 203 to the output from memory 212. 

At step S25, the cross correlation value between the output of 
switcher 203 and reference signal Ref(n, 1) stored in memory 21 is obtained. 
At step S26, determination is made of the peak position of the cross 
correlation value. When the peak position is not determined, the process 
of steps S25 and S26 is repeated. When the peak position is determined, 
control proceeds to step S27 to turn off switch 210. 

At step S28, the cross correlation value between the output of 
switcher 203 and reference signal Ref(n, 2) of memory 211 is obtained. At 
step S29, determination is made of the peak position, similar to that of the 
previous step S26. When the peak position is not determined, the process 
of steps S28 and S29 is repeated. When the peak position is determined, 
control proceeds to step S30 to estimate the frequency offset (offset estimate 
value n) based on respective cross correlation values and reference data 
TE(n) stored in memory 211. 

At step S31, determination is made whether n = N, i.e. whether a 
frequency offset estimation process has been carried out for a 
predetermined number of times N. When not completely carried out, 
control proceeds to step S32 to rotate the phase of the signal stored in 
memory 2 12 according to offset estimate value #n, and the phase-rotated 
signal is written back into memory 2 12. Also, n is counted up. The 
process from step S22 to S30 is repeated until n = N. 

In other words, the cross correlation value is calculated between the 
signal stored in memory 212 and a reference signal pair Ref(n, 1), Ref(n, 2) 
differing from the pair used in the cross correlation calculation with the 
reception signal. Using reference data TE(n) (TE(1) < TE(2) < ••• < 
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TE(N)) stored in memory 212, frequency offset estimate value #n is 
obtained in a similar manner. Then, the process of rotating the phase of 
the reception start symbol stored in memory 212 based on estimate value 
#n is carried out N - 1 times (n = 2, 3, •*•, N). 

At step S31, when determination of n = N is made, i.e. when 
determination is made that a frequency offset estimation process has been 
carried out for a predetermined number of times N, control proceeds to step 
S34 to add offset estimate values #l-#n calculated by the preceding 
processes in frequency offset estimate value adder 214. The result is 
provided to phase rotation circuit 208 as the frequency offset estimate value. 

According to the offset compensator of the fifth embodiment of the 
present invention, offset compensation is effected by obtaining a frequency 
offset estimate value each time while the value of reference data 
(equivalent estimated time difference) TE is sequentially increased for the 
required number of times. Each frequency offset estimate value is added 
to obtain an eventual frequency offset estimate value, which is used in the 
frequency offset compensation on the reception signal. Therefore, the 
frequency offset compensation can be carried out in higher accuracy. 

[Sixth Embodiment] 

An OFDM receiver according to a sixth embodiment of the present 
invention will be described with reference to Fig. 25. 

In the previous fifth embodiment, N sets constituted by a pair of 
reference signals Ref(l), Ref(n, 2), and reference data TE(n) representing 
the distance between "equivalent estimated position of phase rotation 
angle" of respective reference signals, as shown in Fig. 23, are prepared. 
In the current sixth embodiment, N sets (N is a positive integer) constituted 
by a pair of reference signals Ref(l), Ref(n, 2), and reference data TE(n) 
which is the distance between "equivalent estimated position of the phase 
rotation angle" of respective reference signals are stored, as well as 
"Length" representing the distance from the beginning of the start symbol 
to the end of Ref(l). Here, Ref(l) and Ref(n, 2) fit in the start symbol, and 
have equal and constant lengths. 

According to the invention of the sixth embodiment, the amount of 
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memory used can be reduced by using Re£(l) at one side of the pair of 
reference signals. 

[Seventh Embodiment] 

An OFDM receiver according to a seventh embodiment of the present 
invention will be described with reference to Figs. 26-28. 

In the previous fifth and sixth embodiments, the frequency offset 
compensator carried out frequency offset compensation by rotating the 
phase of the reception signal through phase rotation circuit 208 based on 
the eventual frequency offset estimate value added and output at frequency 
offset estimate value adder 214, as shown in Fig. 22. In the present 
seventh embodiment, the estimated and added eventual frequency offset 
estimate value is applied to a local oscillator of digital orthogonal detector 
13 of the OFDM receiver shown in Fig. 47, similar to the fifth and sixth 
embodiments, to control variably the oscillation frequency in order to 
compensate for frequency offset of the reception signal. 

Fig. 26 is a block diagram showing a structure of an orthogonal 
detector with the frequency offset compensation function in an OFDM 
receiver of the seventh embodiment. Fig. 27 is a block diagram showing 
the structure of frequency offset estimator 2 18 of Fig. 26. Fig. 28 is a block 
diagram showing the structure of digital orthogonal detector 217 of Fig. 26. 
The structure and operation of frequency offset estimator 218 shown in Fig. 
27 are substantially similar to those of the frequency offset estimator of Fig. 
22. Therefore, description thereof will not be repeated. 

As shown in Fig. 26, the orthogonal detector with the frequency 
offset compensation function includes a delay unit 215 delaying the output 
of A/D converter 12 (Fig. 47) for a predetermined time, a switcher 216 
selectively switching the output between delay unit 215 and the output of 
A/D converter 12 (Fig. 47) for output, a digital orthogonal detector 217 that 
can control the oscillation frequency as shown in Fig. 28, and that can 
separate the output of switcher 216 into the real component and the 
imaginary component, and a frequency offset estimator 218 estimating the 
frequency offset value output from digital orthogonal detector 217. 

The operation of the orthogonal detector unit with the frequency 
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offset compensation function of Fig. 26 will be described here. The 
operation set forth below is executed under control of controller 2000 (Fig. 
47). First, the output from AID converter 12 (Fig. 47) of the OFDM 
receiver is applied to delay unit 215 and switcher 216. Switcher 216 
selects the output from A/D converter 12 (Fig. 47) to provide the selected 
output to digital orthogonal detector 217. Digital orthogonal detector 217 
divides the applied signal into the real component and the imaginary 
component, and applies the same to frequency offset estimator 218. 

Frequency offset estimator 218 of Fig. 27 receives the frequency 
offset estimate value output from frequency offset estimate value adder 214, 
as in the previous fifth embodiment shown in Fig. 22. Then, this 
frequency offset estimate value is applied to digital orthogonal detector 217. 
As shown in Fig. 28, the variable frequency of local oscillator 21 used in 
carrying out orthogonal detection on the output from delay unit 215 
selected by switcher 216 is adjusted by the frequency offset estimate value. 
As a result, a signal whose frequency offset is compensated for will be 
output from digital orthogonal detector 217. 

The seventh embodiment can save the amount of memory used by 
configuring the reference signal stored in memory 211 in frequency offset 
estimator 218 as in that of the previous sixth embodiment. 

[Eighth Embodiment] 

An OFDM receiver according to an eighth embodiment of the present 
invention will be described with reference to Figs. 29-41. 

Frequency offset estimator 300 of the OFDM receiver of the eighth 
embodiment receives a reception signal from digital orthogonal detector 301 
to estimate the frequency offset, as shown in Fig. 29. The frequency offset 
estimate value is applied to digital orthogonal detector 301. Digital 
orthogonal detector 301 has a structure similar to that shown in Fig. 28. 
The structure of the remaining components in Fig. 29 is similar to that 
shown in Fig. 47. Therefore, description thereof will not be repeated. 

Referring to Fig. 30, frequency offset estimator 300 of Fig. 29 
includes a memory 302 storing a data table of optimum reference signals 
corresponding to the C/N (carrier-to-noise ratio) of reception signals, a 
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reference signal adjuster 303 selecting an optimum reference signal from 
the information stored in memory 302 according to the C/N of the reception 
signal to issue a command to memory 304 based on the selected data, a 
memory 304 prestored with reference signals, and from which a reference 
signals is output in response to a command from reference signal adjuster 
303, cross correlators 305 and 306 calculating the cross correlation values 
between the output of digital orthogonal detector 301 (Fig. 29) and 
respective reference signals output from memory 304, a peak detector 307 
detecting the peak position from the output of the cross correlator to 
estimate the symbol synchronization position, and a frequency offset 
calculator 308 calculating the phase rotation angle based on the outputs of 
cross correlators 305 and 306 to estimate a frequency offset estimate value. 

The operation of frequency offset estimator 300 of Fig. 30 will be 
described hereinafter. 

Reference signal adjuster 303 receives relevant information from the 
source (not shown) that generates information associated with the C/N of a 
reception signal. Memory 302 stores a data table of reference signal width 
data and reference data (equivalent estimated time difference) TE, 
corresponding to the C/N of the reception signal and generated based on a 
certain standard. 

Reference signal adjuster 303 identifies the corresponding reference 
signal width data and reference data TE from the aforementioned table in 
memory 302 according to the received information associated with the C/N 
of the reception signal, and selects a set of corresponding reference signals. 

Reference signal adjuster 303 commands memory 304 to output the 
selected set of reference signals. Memory 304 stores the start symbol in 
practice, and provides to cross correlators 305 and 306 the portion of the 
stored start symbol as the reference signal set so as to meet the command 
contents from reference signal adjuster 303. 

Cross correlators 305 and 306 calculate the cross correlation values 
between applied respective sets of reference signals and the output of 
digital orthogonal detector 30 1. Each calculated cross correlation value is 
applied to frequency offset calculator 308. Frequency offset calculator 308 
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calculates the frequency offset estimate value based on the applied cross 
correlation value. 

Frequency offset estimator 300 has the cross correlation value 
between a reception signal and a reference signal monitored by peak 
5 detector 307 to estimate the start symbol position and data symbol position, 
and also calculates the frequency offset estimate value based on the cross 
correlation value at the peak position. 

An example of a data table of optimum reference signals 
corresponding to the C/N information of the reception signal stored in 
10 memory 302 will be described hereinafter with reference to Figs. 31-41. 

The aforementioned reference data TE has a monotone increasing 
relationship with respect to the time difference "shift" among a plurality of 
reference signals (the time difference between the beginnings of respective 
reference signals). Therefore, reference data TE can be increased by 
15 increasing "shift". It is therefore possible to use "shift" as a parameter 
instead of reference data TE. Although reference data TE should be 
essentially used as the parameter, the case where "shift" is used as a 
parameter will be described hereinafter for the sake of simplification. 

Figs. 31, 32 and 33 are graphs of the normalized frequency offset 
20 versus bit error rate characteristics when the width "width" of the reference 
signal is constant and the time difference data "shift" between reference 
signals is altered in the case where the C/N is small, moderate, and large, 
respectively. 

In these graphs, the normalized frequency offset is plotted along the 
25 abscissa and the BER characteristic is plotted along the ordinate. It is 
assumed that the sampling clock synchronization and symbol timing 
synchronization are completely established. It is also assumed that: the 
valid symbol section is set to Tw = 64; the number of points of FFT is 64; 
the number of subcarriers is 48; DQPSK method is employed as the 
30 modulation method; and the delay detection method is employed as the 
demodulation method. The numeric values in the parenthesis 
sequentially indicate "width" and "shift". 

It is apparent from these graphs that the frequency offset estimate 
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accuracy is improved by increasing "shift" in respective cases regardless of 
the level of the C/N of the reception signal. It is also understood that, as 
the C/N becomes smaller, the value of "shift" to obtain the desired BER 
characteristics increases. 

Here, in the case where the desired BER is 1.0E - 3, (width, shift) = 
(16, 19), (width, shift) = (16, 16) and (width, shift) = (16, 8) are set when the 
C/N of the reception signal is C/N < 23dB, 23dB < C/N <30dB, and 30dB < 
C/N, respectively. The above setting is prestored in memory 302 as a table 
of (width, shift) for the C/N. 

Reference signal adjuster 303 selects a reference signal 
corresponding to the (width, shift) obtained based on the above-described 
table according to the C/N of the reception signal, and reads out the 
selected reference signal from the start symbol stored in memory 304. 
Cross correlators 305 and 306 calculate a cross correlation value based on 
the read out reference signal. 

It is to be noted that when there are two or more values of "shift" 
satisfying the desired BER characteristic, the reference signal 
corresponding to the smaller "shift" is selected. By selecting a reference 
signal with the smaller "shift", the operation completion time can be 
reduced, as apparent from Fig. 34. 

Thus, a data table of (width, shift) corresponding to the set C/N is 
prestored in memory 302, and a reference signal is set based on the data 
table corresponding to the C/N of the reception signal. Thus, the 
frequency offset can be estimated at the desired accuracy. 

Figs. 35, 36 and 37 are graphs of the normalized frequency offset 
versus bit error rate characteristics when respective reference signals have 
a constant "shift" and a varied "width" when the C/N is relatively small, 
moderate, and large, respectively. 

It is apparent from these graphs that the frequency offset estimation 
accuracy is improved by increasing "width". It is also understood that, 
when the C/N is lower, the "width" to obtain a desired BER becomes larger. 

Here, with respect to a set desired BER, (width, shift) = (32, 16), 
(width, shift) = (16, 16) and (width, shift) = (8, 16) are set when the C/N of 
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the reception signal is C/N < 25dB, 25dB < C/N < 30dB, and 30 dB < C/N, 
respectively. This setting is prestored in memory 302 as a table of (width, 
shift) with respect to the C/N. 

Reference signal adjuster 303 selects a reference signal for the 
(width, shift) obtained based on the aforementioned table according to the 
C/N of the reception signal, and reads out the selected reference signal from 
memory 304. Cross correlators 305 and 306 calculate the cross correlation 
value based on the read out reference signals. 

It is to be noted that when there are two or more values of "width" 
satisfying the desired BER characteristics, the reference signal 
corresponding to the smaller "width" is selected. By selecting a reference 
signal with a smaller "width", the operation completion time can be reduced 
as well as the hardware complexity, as apparent from Fig. 38. By storing 
such a data table of (width, shift) for a set C/N in memory 302, and 
selecting a reference signal based on the data table according to the C/N of 
the reception signal, the frequency offset can be estimated at the desired 
accuracy. 

Figs. 39, 40 and 41 are graphs of the normalized frequency offset 
versus bit error rate characteristics when "shift" and "width" of respective 
reference signals are altered in the case where the C/N is relatively small, 
moderate, and great, respectively. 

Here, with respect to the setting of a desired BER, (width, shift) = 
(32, 16), (width, shift) = (32, 8) and (width, shift) = (16, 8) are set when the 
C/N of the reception signal is C/N < 23dB, 23dB < C/N < 30dB and 30dB < 
C/N, respectively. The above setting is prestored in memory 302 as a table 
of the (width, shift) for the C/N. 

Reference signal adjuster 303 selects a reference signal 
corresponding to (width, shift) obtained based on the aforementioned table 
according to the C/N of the reception signal, and reads out the selected 
reference signal from memory 304. Cross correlators 305 and 306 
calculate the cross correlation values based on the read out reference signal. 
It is to be noted that when there are two or more values of (width, shift) 
meeting the desired BER characteristics, the one that can most reduce the 
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operation completion time is selected. 

By prestoring a data table of (width, shift) corresponding to the set 
C/N in memory 302 and selecting a reference signal based on this data 
table according to the C/N of the reception signal, the frequency offset can 
be estimated at a desired accuracy. 

[Ninth Embodiment] 

An OFDM receiver according to a ninth embodiment of the present 
invention will be described with reference to Fig. 42. 

Fig. 42 is a block diagram of an OFDM receiver showing an example 
of a C/N information source that supplies the C/N information of a 
reception signal to frequency offset estimator 300 of Fig. 30. A C/N 
detector 309 detects the level of respective output signals from a discrete 
Fourier transformer 18 to detect the C/N of a reception signal based on the 
detected signal level. The structure of other components of the ninth 
embodiment is similar to that shown in Fig. 29. Therefore, description 
thereof will not be repeated. 

In the generation assumption of the OFDM signal described in 
association with Fig. 45, the relationship of the number of subcarriers < the 
number of FFT samples is established. Inverse discrete Fourier 
transformer 3 (Fig. 45) assigns amplitude 0 for a subcarrier that is not 
assigned information data to generate an OFDM signal. In the discrete 
Fourier transformer 18 of the OFDM receiver according to the ninth 
embodiment shown in Fig. 42, an OFDM signal generated through the 
above-described generation assumption is input. As to the output of 
discrete Fourier transformer 18, the output corresponding to a subcarrier 
assigned the amplitude 0 will have an amplitude of 0 when no noise is 
applied. However, when noise is applied, the output of the subcarrier 
assigned the amplitude 0 will have an amplitude of the noise level. 
Therefore, the C/N of the reception signal can be detected based on the 
output of the subcarrier assigned the amplitude 0 and the output of the 
subcarrier assigned the information data. C/N detector 309 of the OFDM 
receiver according to the ninth embodiment of the present invention detects 
the C/N of the reception signal based on the above-described detection 
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principle, and provides the detected C/N information to frequency offset 
estimator 300. 



Industrial Applicability 

The present invention is applicable to a signal receiver and 
frequency offset compensation method. More specifically, the present 
invention is applicable to a signal receiver that receives a signal 
transmitted by the multicarrier transmission method such as an OFDM 
receiver, and a method of compensating for a frequency offset of a 
subcarrier, used in such signal transmission. 



CLAIMS 



1. A signal receiver receiving and demodulating a reception signal 
formed of a data symbol section where symbols are assigned in parallel to a 
5 plurality of subcarriers and modulated and a start symbol added ahead of 
said data symbol section, said signal receiver comprising: 

first memory means (51) for storing N (N is an integer of 2 or more) 
types of reference signals, each corresponding to an arbitrary portion in 
said start symbol, 

10 cross correlation value calculation means (52, 53) for calculating a 

cross correlation value between said reception signal and each of said N 
types of reference signals, 

peak position detection means (54) for detecting a peak position of 
each of the N cross correlation values calculated by said cross correlation 

15 value calculation means, 

frequency offset estimation means (55) for estimating a frequency 
offset estimate value of a subcarrier of said reception signal for output, 
based on a cross correlation value at each of the N peak positions detected 
by said peak position detection means, and 

20 frequency offset compensation means (37) for compensating for a 

frequency offset of a subcarrier of said reception signal based on the 
frequency offset estimate value estimated by said frequency offset 
estimation means. 

25 2. The signal receiver according to claim 1, wherein said frequency 

offset estimation means comprises 

phase rotation angle calculation means (56) for calculating a phase 
difference of cross correlation values at each of said N peak positions, 
second memory means (57) for storing reference data based on a 
30 phase rotation angle between cross correlation values corresponding to said 
N types of reference signals under a state where a particular frequency 
offset is present, and 

divider means (58) for dividing the phase difference of cross 
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correlation values calculated by said rotation angle calculation means by 
said reference data to calculate said frequency offset estimate value. 

3. The signal receiver according to claim 1, wherein said frequency 
offset compensation means compensates for a frequency offset by rotating 
the phase of a subcarrier of said reception signal based on said estimated 
frequency offset estimate value. 

4. The signal receiver according to claim 1, further comprising 
detector means for detecting said reception signal, including a local 
oscillator, 

wherein said frequency offset compensation means comprises means 
for variable-controlling an oscillation frequency of said local oscillator 
based on said estimated frequency offset value. 

5. A signal receiver receiving and demodulating a reception signal 
formed of a data symbol section where symbols are assigned in parallel to a 
plurality of subcarriers and modulated and a start symbol added ahead of 
said data symbol section, said signal receiver comprising: 

first memory means (51) for storing N (N is an integer of 3 or more) 
types of reference signals, each corresponding to an arbitrary portion in 
said start symbol, 

cross correlation value calculation means (52, 53,61) for calculating a 
cross correlation value between said reception signal and each of said N 
types of reference signals, 

peak position detection means (54) for detecting a peak position of 
each of the N cross correlation values calculated by said cross correlation 
value calculation means, 

frequency offset estimation means (65) for estimating and averaging 
a plurality of frequency offset estimate values of a subcarrier of said 
reception signal for output, based on a cross correlation value at each of the 
N peak positions detected by said peak position detection means, and 

frequency offset compensation means (37) for compensating for a 
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frequency offset of a subcarrier of said reception signal, based on the 
frequency offset estimate value estimated and averaged by said frequency 
offset estimation means. 

6. The signal receiver according to claim 5, wherein said frequency 
offset estimation means comprises 

plurality of phase rotation angle calculation means (56,66) for 
calculating phase differences of a plurality of predetermined combinations 
of cross correlation values at respective ones of said N peak positions, 

second memory means (57,67) for storing a plurality of reference 
data based on a plurality of phase rotation angles between cross correlation 
values corresponding to said plurality of predetermined combinations of 
said N types of reference signals under a state where a particular frequency 
offset is present, 

plurality of divider means (58, 68) for dividing a plurality of phase 
differences of cross correlation values calculated by said plurality of 
rotation angle calculation means by respective corresponding ones of said 
plurality of reference data to calculate a plurality of frequency offset 
estimate values, and 

averaging means (69) for averaging a plurality of frequency offset 
estimate values from said plurality of divider means for output. 

7. The signal receiver according to claim 5, wherein said frequency 
offset compensation means compensates for a frequency offset by rotating 
the phase of a subcarrier of said reception signal based on said estimated 
and averaged frequency offset estimate value. 

8. The signal receiver according to claim 5, further comprising 
detector means for detecting said reception signal, including a local 
oscillator, 

wherein said frequency offset compensation means comprises means 
for variable-controlling an oscillation frequency of said local oscillator 
based on said estimated and averaged frequency offset estimate value. 
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9. A signal receiver receiving and demodulating a reception signal 
formed of a data symbol section where symbols are assigned in parallel to a 
plurality of subcarriers and modulated and a start symbol added ahead of 
5 said data symbol section, said signal receiver comprising: 

first memory means (101,102) for storing N (N is an integer of 2 or 
more) types of reference signals, each corresponding to an arbitrary portion 
in said start symbol, 

cross correlation value calculation means (105, 106) for calculating a 

10 cross correlation value between an applied first signal and each of said N 
types of reference signals, 

peak position detection means (114) for detecting a peak position of 
each of the N cross correlation values calculated by said cross correlation 
value calculation means, 

15 frequency offset estimation means (107) for estimating a frequency 

offset estimate value of a subcarrier of said first signal applied to said cross 
correlation value calculation means for output, based on a cross correlation 
value at each of the N peak positions detected by said peak position 
detection means, and accumulating the frequency offset estimate values, 

20 phase rotation means (108) for rotating a phase of a subcarrier of an 

applied second signal based on the frequency offset estimate value 
estimated by said frequency offset estimation means, 

second memory means (104) for storing said second signal whose 
phase is rotated by said phase rotation means, 

25 control means for executing once a first control operation of applying 

said reception signal to said cross correlation value calculation means as 
said first signal and to said phase rotation means as said second signal to 
accumulate frequency offset estimate values of a subcarrier of said 
reception signal, and rotating the phase of the subcarrier of said reception 

30 signal for storage in said second memory means, and repeating (N - 1) 

times a second control operation of applying the signal stored in said second 
memory means to said cross correlation value calculation means as said 
first signal and to said phase rotation means as said second signal to 
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accumulate frequency offset estimate values of a subcarrier of the signal 
stored in said second memory, and rotating the phase of the subcarrier of 
the signal stored in said second memory for storage in said second memory 
means, and 

frequency offset compensation means (110) for compensating for a 
frequency offset of the subcarrier of said reception signal based on an added 
value of N frequency offset estimate values accumulated by said first and 
second control operations. 

10. The signal receiver according to claim 9, wherein said frequency 
offset compensation means compensates for a frequency offset by rotating 
the phase of the subcarrier of said reception signal based on the added 
value of said frequency offset estimate values. 

11. The signal receiver according to claim 9, further comprising 
detector means for detecting said reception signal, including a local 
oscillator, 

wherein said frequency offset compensation means comprises means 
for variable-controlling an oscillation frequency of said local oscillator 
based on the added value of said frequency offset estimate values. 

12. A signal receiver receiving and demodulating a reception signal 
formed of a data symbol section where symbols are assigned in parallel to a 
plurality of subcarriers and modulated and a start symbol added ahead of 
said data symbol section, said signal receiver comprising: 

first memory means (2 1 1) for storing N (N is an integer of 2 or more) 
types of reference signals, each corresponding to an arbitrary portion in 
said start symbol, and a plurality of reference data based on a phase 
rotation angle between cross correlation values corresponding to a plurality 
of sets of said reference signals, each set formed of two or more types of said 
reference signals, under a state where a particular frequency offset is 
present, 

cross correlation value calculation means (205,206) for calculating a 
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cross correlation value between an applied first signal and respective 
reference signals of each said set, 

peak position detection means (209) for detecting a peak position of 
each cross correlation value calculated by said cross correlation value 
calculation means, 

second memory means (212) for extracting and storing a portion of 
said reception signal, 

frequency offset estimation means (206) for estimating a frequency 
offset estimate value of said first signal applied to said cross correlation 
value calculation means for output, based on a cross correlation value at 
each peak position detected by said peak position detection means and 
reference data corresponding to said reference signal of said each set, 

adder means (214) for accumulating the frequency offset estimate 
values output from said frequency offset estimation means, 

phase rotation means (207) for rotating a phase of said reception 
signal stored in said second memory means, based on the frequency offset 
estimate value estimated by said frequency offset estimation means, 

control means for executing a first control operation of applying said 
reception signal to said cross correlation value calculation means as said 
first signal to calculate a cross correlation value with respective reference 
signals of a set corresponding to the smallest reference data of said 
plurality of reference data, and estimating a frequency offset estimate 
value of said reception signal by said frequency offset estimation means 
based on the calculated cross correlation value and said smallest reference 
data, and for repeating a second control operation of applying said 
reception signal whose phase is rotated based on said estimated frequency 
offset estimate value and stored in said second memory means to said cross 
correlation value calculation means as said first signal to calculate a cross 
correlation value with the set of reference signals corresponding to the 
smallest unused reference data from said plurality of reference data, and 
estimating a frequency offset estimate value of the signal stored in said 
second memory by said frequency offset estimation means, based on the 
calculated cross correlation value and said smallest unused reference data, 
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and 

frequency offset compensation means (208) compensating for a 
frequency offset of the subcarrier of said reception signal based on an added 
value of frequency offset estimates accumulated by said adder means and 
calculated by said first and second control operations. 

13. The signal receiver according to claim 12, wherein said signal 
extracted from said reception signal and stored in said second memory 
means is said start symbol. 

14. The signal receiver according to claim 12, wherein said 
frequency offset compensation means compensates for a frequency offset by 
rotating the phase of a subcarrier of said reception signal based on the 
added result of said frequency offset values. 

15. The signal receiver according to claim 12, further comprising 
detector means for detecting said reception signal, including a local 
oscillator, 

wherein said frequency offset compensation means comprises means 
for variable-controlling an oscillation frequency of said local oscillator 
based on the added value of said frequency offset estimate values. 

16. A signal receiver receiving and demodulating a reception signal 
formed of a data symbol section where symbols are assigned in parallel to a 
plurality of subcarriers and modulated and a start symbol added ahead of 
said data symbol section, said signal receiver comprising: 

C/N detection means (309) for detecting a C/N of said reception 
signal, 

memory means (302) for storing a data table identifying an optimum 
reference signal corresponding to the C/N of said reception signal, 

reference signal output means (303, 304) for providing N (N is an 
integer of 2 or more) types of optimum reference signals, each 
corresponding to an arbitrary portion in said start symbol, based on said 
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data table according to said detected C/N, 

cross correlation value calculation means (305, 306) for calculating a 
cross correlation value between said reception signal and each of said N 
types of reference signals, 

peak position detection means (307) for detecting a peak position of 
each of the N cross correlation values calculated by said cross correlation 
value calculation means, 

frequency offset estimation means (308) for estimating a frequency 
offset estimate value of a subcarrier of said reception signal for output, 
based on a cross correlation value at each of the N peak positions detected 
by said peak position detection means, and 

frequency offset compensation means (301) for compensating for a 
frequency offset of the subcarrier of said reception signal, based on a 
frequency offset estimate value estimated by said frequency offset 
estimation means. 

17. The signal receiver according to claim 16, wherein said 
frequency offset compensation means compensates for a frequency offset by 
rotating the phase of the subcarrier of said reception signal based on said 
estimated frequency offset estimate value. 

18. The signal receiver according to claim 16, further comprising 
detector means for detecting said reception signal, including a local 
oscillator, 

wherein said frequency offset compensation means comprises means 
for variable-controlling an oscillation frequency of said local oscillator 
based on said estimated frequency offset estimate value. 

19. A method of compensating for a frequency offset of a subcarrier 
of a reception signal in a signal receiver receiving and demodulating the 
reception signal formed of a data symbol section where symbols are 
assigned in parallel to a plurality of subcarriers and modulated and a start 
symbol added ahead of said data symbol section, said method comprising 
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the steps of: 

calculating a cross correlation value between said reception signal 
and each, of N (N is an integer of 2 or more) types of reference signals, each 
corresponding to an arbitrary portion in said start symbol, 

detecting a peak position of each of said N calculated cross 
correlation values, 

estimating a frequency offset estimate value of a subcarrier of said 
reception signal for output, based on a cross correlation value at each of 
said N detected peak positions, and 

compensating for a frequency offset of the subcarrier of said 
reception signal based on said estimated frequency offset estimate value. 

20. A method of compensating for a frequency offset of a subcarrier 
of a reception signal in a signal receiver receiving and demodulating the 
reception signal formed of a data symbol section where symbols are 
assigned in parallel to a plurality of subcarriers and modulated and a start 
symbol added ahead of said data symbol section, said method comprising 
the steps of: 

calculating a cross correlation value between said reception signal 
and each of N (N is an integer of 3 or more) types of reference signals, each 
corresponding to an arbitrary portion in said start symbol, 

detecting a peak position of each of said N calculated cross 
correlation values, 

estimating and averaging a plurality of frequency offset estimate 
values of the subcarrier of said reception signal for output, based on the 
cross correlation value at each of said N detected peak positions, and 

compensating for a frequency offset of the subcarrier of said 
reception signal, based on said estimated and averaged frequency offset 
estimate value. 

21. A method of compensating for a frequency offset of a subcarrier 
of a reception signal in a signal receiver apparatus receiving and 
demodulating the reception signal formed of a data symbol section where 
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symbols are assigned in parallel to a plurality of subcarriers and modulated 
and a start symbol added ahead of said data symbol section, said method 
comprising: 

a first control step, said first control step including the steps of 

calculating a cross correlation value between said reception signal 
and each of N (N is an integer of 2 or more) types of reference signals, each 
corresponding to an arbitrary portion in said start symbol, 

detecting a peak position of each of said N calculated cross 
correlation values, 

estimating a frequency offset estimate value of the subcarrier of said 
reception signal, based on the cross correlation value at each of said N 
detected peak positions for output, as well as accumulating the estimated 
frequency offset estimate values, 

rotating the phase of the subcarrier of said reception signal based on 
said estimated frequency offset estimate value, and 

storing said phase-rotated reception signal, 

said method further comprising a second control step, said second 
control step including the steps of 

calculating a cross correlation value between said stored phase- 
rotated reception signal and each of said N types of reference signals, 

detecting a peak position of each of said calculated cross correlation 
values, 

estimating a frequency offset estimate value of the subcarrier of said 
stored phase-rotated reception signal for output, based on the cross 
correlation value at each of said N detected peak positions, as well as 
accumulating the estimated frequency offset estimate value, 

rotating the phase of the subcarrier of said stored phase-rotated 
reception signal based on said estimated frequency offset estimate value, 
and 

storing said phase-rotated reception signal, 

said method comprising the steps of: repeating said second control 
step (N - 1) times after said first control step, and 

compensating for a frequency offset by rotating the phase of the 
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subcarrier of said reception signal based on an added value of the N 
frequency offset estimate values accumulated by said first and second 
control steps. 

5 22. A method of compensating for a frequency offset of a subcarrier 

of a reception signal in a signal receiver receiving and demodulating the 
reception signal formed of a data symbol section where symbols are 
assigned in parallel to a plurality of subcarriers and modulated and a start 
symbol added ahead of said data symbol section, said method comprising: 

10 a step of storing N (N is an integer of 2 or more) types of reference 

signals, each corresponding to an arbitrary portion of said start symbol, 
and a plurality of reference data based on phase rotation angles between 
cross correlation values corresponding to a plurality of sets of said reference 
signals, each set formed of two or more types of said reference signals, 

15 under a state where a particular frequency offset is present, and 

a first control step, said first control step including the steps of 
calculating a cross correlation value between said reception signal 
and respective reference signals of a set corresponding to the smallest 
reference data from said plurality of reference data, 

20 detecting a peak position of each of said calculated cross correlation 

values, 

estimating a frequency offset estimate value of the subcarrier of said 
reception signal, based on the cross correlation value at each of said 
detected peak positions and said smallest reference data for output, as well 
25 as accumulating the estimated frequency offset estimate values, 

extracting and storing a portion of said reception signal, 

rotating the phase of said stored reception signal based on said 
estimated frequency offset estimate value, and 

said method further comprising a second control step, said second 
30 control step including the steps of 

calculating a cross correlation value between said stored reception 
signal whose phase is rotated based on said estimated frequency offset 
estimate value, and respective reference signals of a set corresponding to 
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the smallest unused reference data of said plurality of reference data, 

detecting a peak position of each of aid calculated cross correlation 
values, 

estimating a frequency offset estimate value of said phase-rotated 
stored reception signal for output, hased on the cross correlation value at 
each of said detected peak positions and said smallest unused reference 
data, as well as accumulating the estimated frequency offset estimate 
values, 

repeating said second control step after said first control step, and 
compensating for a frequency offset by rotating the phase of the 
subcarrier of said reception signal based on an added value of the frequency 
offset estimate values accumulated by said first and second control steps. 

23. A method of compensating for a frequency offset of a subcarrier 
of a reception signal in a signal receiver receiving and demodulating the 
reception signal formed of a data symbol section where symbols are 
assigned in parallel to a plurality of subcarriers and modulated and a start 
symbol added ahead of said data symbol section, said method comprising 
the steps of: 

detecting a C/N of said reception signal, 

storing a data table identifying an optimum reference signal 
corresponding to the C/N of said reception signal, 

providing N (N is an integer of 2 or more) types of optimum reference 
signals, each corresponding to an arbitrary portion in said start symbol, 
based on said data table, according to said detected C/N, 

calculating a cross correlation value between said reception signal 
and each of said N types of reference signals, 

detecting a peak position of each of said N calculated cross 
correlation values, 

estimating a frequency offset estimate value of the subcarrier of said 
reception signal for output, based on the cross correlation value at each of 
said N detected peak positions, and 

compensating for a frequency offset of the subcarrier of said 
reception signal based on said estimated frequency offset estimate value. 
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ABSTRACT 

An OFDM receiver includes an offset compensator (14) compensating 
for a frequency offset in a received OFDM signal. The offset compensator 
(14) includes a memory (51) storing two reference signals corresponding to 
arbitrary portions in the start symbol of the OFDM signal. A cross 
correlation value between the received OFDM signal and each of the two 
reference signals is calculated by a cross correlator (52, 53). Each peak 
position is detected by a peak detector (54). A frequency offset estimate 
value of the received OFDM signal is estimated by a frequency offset 
estimation circuit (55) based on the cross correlation value at each detected 
peak position. A phase rotation circuit (37) compensates for the frequency 
offset of the received OFDM signal based on the estimated frequency offset 
estimate value. 
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